Moscow  Institute  of  Physics  and  Technology 
Department  of  Aerophysics  and  Space  Research 
Physics  of  Nonequilibrium  Systems  Laboratory 


SUPERFAST  HOMOGENEOUS  PLASMA 
IGNITION  OF  HYDROGEN-OXYGEN 
AND  AIR-FUEL  SUPERSONIC  FLOWS 
BY  HIGH-VOLTAGE  IONIZATION  WAVE 


First  Stage  Report,  01.01.1999-15.12.1999 


Date  Submitted:  December  15,  1999 


Edited  by  Dr.  Andrei  Yu.  Starikovskii, 

Moscow  Institute  of  Physics  and  Technology 
Physics  of  Nonequilibrium  Systems  Laboratory 
Institutskii  lane,  9,  141700, 

Dolgoprudny,  141700,  RUSSIA 
Phone  (+7-095)-408-6347 
Fax  (+7-095)-576-6528 
E-mail  astar@neq.mipt.ru 
URL  http://neq.mipt.ru 


20000207  037 


[BUG  QUALITY  DTGpaCl’aD  1 


REPORT  DOCUMENTATION  PAGE 


Form  Approved  OMB  No.  0704-0138 


Public  reporting  burdenfor'thircollectjon  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspeaof  this 
collection  of  information,  including  suggestions  for  reducing  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports^lS  Jefferson 


Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of  M 


1.  AGENCY  USE  ONLY  (Leave  blank) 

2.  REPORT  DATE 

15  December  1999 

at.  Paperwork  Reduction  Project  (0704-0188),  Washii 
3.  REPORT  TYPE  AND  DATES  COVERED 

Final  Report 


4.  TITLE  AND  SUBTITLE 


Superfast  Homogeneous  Plasma  Ignition  of  Hydrogen-Oxygen  and  Air-Fuel  Supersonic  Flews  by 
High-Voltage  Ionization  Wave 


5.  FUNDING  NUMBERS 

F61775-99- 


6.  AUTHOR(S) 


Dr.  Andrei  Starikovskii 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Moscow  Inst,  of  Physics  and  Technology 
Institutskii  Lane,  9 
Ddgoprudny  141700 
Russia 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 
EOARD 

PSC  802  BOX  14 
FPO  09499-0200 


10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 

SPC  99-4007 


11.  SUPPLEMENTARY  NOTES 


12a.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  is  unlimited. 


12b.  DISTRIBUTION  CODE 


13.  ABSTRACT  (Maximum  200  words) 

This  report  results  from  a  contract  tasking  Moscow  Inst,  of  Physics  and  Technology  as  follows:  1)  The  contractor  will  perform  experiments  on 
ignition  initiation  by  ionization  wave  in  the  H2-02  mixture.  Determine  the  ignition  threshold  shift.  Study  the  combustion  uniformity  and 
synchronization  in  the  system.  2)  He  will  determine  the  active  particle  formation  rate  in  ionization  wave  with  the  nanosecond  time  resolution. 
Measure  electric  field  of  ionization  wave  in  hydrogen.  Develop  a  numerical  model  determining  the  active  particles  generation  in  the  fast 
ionization  wave.  Verify  the  numerical  model  with  the  use  of  experimental  data. 


14.  SUBJECT  TERMS 


15.  NUMBER  OF  PAGES 


EOARD  Plasma  Physics,  Supersonic  and  Hypersonic  Flwvs,  Kinetic  Theory,  Deflagration  and  Detonation  16.  PRICE  CODE 

N/A 


17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19,  SECURITY  CLASSIFICATION  20.  LIMITATION  OF  ABSTRACT 

OF  REPORT  OF  THIS  PAGE  OF  ABSTRACT 


_ UNCLASSIFIED 

NSN  7540-01-280-5600 


UNCLASSIFIED 


UNCLASSIFIED _ I  Ul _ _ 

Standard  Form  298  (Rev.  2-89) 
Prescribed  by  ANSI  Std.  239-18 
298-102 


Contents 


1  Abstract  5 

1.1  Main  phases  and  results  expected .  5 

1.2  Main  results  obtained .  5 

1  Experimental  investigations  of  the  fast  ionization  wave  9 

2  Experimental  investigations  of  the  fast  ionization  wave  structure;  time- 

resolved  measurements  of  the  electric  field  and  rate  of  active  particles 
production.  10 

2.1  Fast  ionization  wave  .  10 

2.2  Experimental  setup .  11 

2.3  FIW  front  velocity  and  attenuation .  14 

2.4  Electric  field  in  the  FIW  front  and  electron  density  behind  the  front  ....  15 

2.5  The  rate  of  electron  excited  states  population .  17 

2.6  Average  energy  and  density  of  electrons  in  discharge .  18 

2.7  Verification  of  self-consistency  for  various  EEDF.  Reduced  electric  field  value.  19 

2.8  Structure  of  the  ionization  wave  front .  22 

II  Numerical  modelling  of  the  fast  ionization  wave  25 

3  A  Monte  Carlo  simulation  of  the  Fast  Ionization  Wave  development 

and  propagation  26 

3.1  Boltzmann  kinetic  equation  for  electrons .  26 

3.1.1  Boltzmann  equation  for  an  electron  energy  distribution  function  in 

the  nearly  isotropic  case .  28 

3.1.2  Boltzmann  equation  for  an  electron  energy  distribution  function  in 

strong  electric  fields . 30 

3.2  Numerical  model .  39 

3.3  Results .  41 

3.3.1  0D  calculations .  41 

3.3.2  ID  calculations .  48 

III  Experimental  investigations  of  plasma-chemical  processes 


2 


in  the  fast  ionization  wave 


55 


4  Oxidation  of  molecular  hydrogen  by  pulsed  electric  discharge  in  H2-air 


mixture.  56 

4.1  Experimental  setup .  56 

4.2  Measured  parameters .  57 

4.2.1  Absolute  H2(a3E+  — >  53E+)  emission .  57 

4.2.2  Electric  pulse  current  and  voltage  measurements .  57 

5  N20  decomposition  by  high-current  nanosecond  electric  discharge.  61 

5.1  Experimental .  61 

5.2  Experimental  results .  64 

5.2.1  Spectroscopic  data .  64 

5.2.2  Electron  number  dencity  and  electric  field . 64 

IV  Numerical  simulation  of  the  plasma-chemical  processes 
under  nonequilibrium  conditions  TO 

6  Chemical  reactions  at  thermally  non-equilibrium  conditions:  reagents 

and  products  vibration  excitation  dependence  of  the  rate  constant  71 

6.1  Problem  formulation .  72 

6.2  Changing  of  the  reaction  threshold  and  probability  of  transition  with  reagents 

excitation . \ .  74 

6.2.1  Evaluation  of  reaction  threshold .  74 

6.2.2  Estimation  of  transition  probability  for  selected  levels .  74 

6.3  Model  analysis  .  78 

6.3.1  Monomolecular  decomposition  at  Ttr  >  Tvib . 80 

6.3.2  Reactions  in  N2-02  mixtures .  S2 

6.3.3  Reactions  in  H2-02  system .  83 

6.3.4  Distribution  of  exchange  reaction  products  over  vibration  levels  .  .  85 

7  Numerical  simulation  of  the  hydrogen  oxidation  in  high-voltage  pulsed 

discharge  88 

7.1  The  stage  of  the  discharge .  88 

7.2  The  afterglow  of  the  discharge . 101 

7.3  Reaction  rates  for  VV  and  VT  —  relaxation  in  a  reacting  H2-02-N2  system  102 

7.4  Numerical  modelling  of  a  chemical  kinetics  in  the  pulsed  nanosecond  dis¬ 

charge  afterglow  with  a  consideration  of  vibrationally  nonequilibrium  pro¬ 
cesses  . 105 

7.5  Analysis  of  the  main  processes  in  the  discharge  and  in  the  afterglow  ....  105 

7.6  The  excitation  of  vibrational  levels  of  molecules  in  the  discharge  and  an  en¬ 


ergy  exchange  in  conditions  of  chemically-nonequilibrium  H2-02-N2  mixtures  107 

8  Numerical  simulation  of  N20  Decomposition  in  High-Current  Nanosec¬ 


ond  Electric  Discharge.  117 

8.1  Electron  energy  distribution . 117 


3 


8.2  Vibrational  excange  rate  constants  in  N-O-H-C  system . 117 

8.3  Results . 122 

8.3.1  Dymanics  of  vibrational  levels  population . 122 

8.3.2  Dymanics  of  pressure  and  N2(C'3IIU)  population  growth . 123 

8.4  Kinetic  scheme  analysis . 123 

8.4.1  Active  particle  flow  diagrams  . 123 

9  Numerical  modeling  of  ignition  of  combustible  mixtures  by  pulsed  nanosec¬ 
ond  discharge  132 

9.1  Kinetic  scheme . 132 

9.2  Initial  conditions . 133 

9.3  Results  of  calculations . 133 

9.3.1  H2-Air  mixture . 133 

9.3.2  CH4-Air  mixture . 135 

10  Numerical  Simulation  of  Active  Species  Production  by  a  Positive  Stream¬ 
er  and  Streamer  Ignition  Initiation  141 

10.1  Numerical  modeling  of  streamer  development  and  propagation . 141 

10.1.1  Numerical  Modelling . 141 

10.1.2  Streamer  propagation  in  air . 142 

10.2  Simulation  of  active  species  production  in  CH4:Air  mixtures  and  ignition 

initiation  . 154 

10.2.1  The  simulation  model  . 155 

10.3  Dependence  of  the  rate  constants  on  the  reduced  electric  field  value  for  nu¬ 

merical  modelling  of  the  streamer  propagation  in  the  stoichiometric  mixture 
CH4  -  air . 155 

10.3.1  Electrons  drift  velocity . 155 

10.3.2  Processes  rate  constants  with  participation  of  N2  and  02 . 155 

10.3.3  Water  vapor  influence  . 163 

10.3.4  Processes  with  hydrocarbons  participation . 166 

10.3.5  Temperature  correction  for  dissociative  attachement . 166 

10.3.6  Temperature  correction  for  tree-body  attachement . 166 

10.3.7  Secondary  collisions  correction . 167 

10.4  Simulation  results . 169 

10.5  Initiation  of  ignition  . 171 

11  Experimental  Equipment  for  Investigation  of  Ignition  Threshold  under 

Simultaneous  Action  of  FIW  and  a  Shock  Wave.  180 

12  Summary  184 


4 


Chapter  1 
Abstract 


1.1  Main  phases  and  results  expected 

1.  Conduct  experiments  on  ignition  initiation  by  ionization  wave  in  the  H2-O2-N2  mix¬ 
ture.  Determine  experimentally  the  ignition  threshold  shift.  Study  the  combustion 
uniformity  and  synchronization  in  the  system 

2.  Determine  the  active  particle  formation  rate  in  ionization  wave  with  the  nanosecond 
time  resolution.  Measure  electric  field  of  ionization  wave  in  hydrogen.  Develop  a 
numerical  model  determining  the  active  particles  generation  in  the  fast  ionization 
wave.  Verify  the  numerical  model  with  the  use  of  experimental  data. 

1.2  Main  results  obtained 

In  the  framework  of  the  project  the  following  work  has  been  performed  and  results  have 
been  obtained: 

•  Experimental  investigation  of  the  structure  of  the  ionization  wave  front: 

1.  Measurements  of  the  temporal  and  spatial  behavior  of  electric  field  in  the 
nanosecond  discharge  in  the  form  of  the  fast  ionization  wave  (FIW); 

2.  Investigations  of  active  particles  formation  rate  in  the  fast  ionization  wave  with 
the  nanosecond  time  resolution; 

3.  Measurements  of  electron  density  behind  the  FIW  front  and  determination  of 
the  average  energy  of  electrons.  Analysis  of  different  types  of  electron  ener¬ 
gy  distribution  functions  (EEDF)  usability  for  modelling  of  active  particles 
formation  in' plasma. 

•  Experimental  and  numerical  investigation  of  the  oxidation  of  molecular  hydrogen  in 
H2-O2-N2  stoichiometric  mixture  in  nanosecond  pulsed  discharge: 

1.  Measurements  of  an  absolute  concentration  of  electronically  excited  molecules 
H2  in  a3E+  -  state; 

2.  Measurements  of  the  rate  of  hydrogen  oxidation  at  different  pressures; 
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3.  Development  of  numerical  code  of  gas  excitation  behind  the  FIW  front  in  the 
high-current  stage;  development  of  the  numerical  code  of  chemical  kinetics  in 
the  discharge  afterglow.  Verification  of  the  numerical  codes  on  the  basis  of 
comparison  with  the  experiment; 

4.  Determination  of  main  phases  of  kinetic  processes  and  of  the  most  important 
processes  for  each  stage.  Analysis  of  the  role  of  reactions  with  participation  of 
charged,  electronically  and  vibrationally  excited  particles. 

•  Numerical  modelling  of  the  process  of  ignition  for  H2-air,  H2-O2  and  CH4-air  mix¬ 
tures  at  high  temperatures  under  the  action  of  FIW: 

1.  Calculations  of  ignition  threshold  shift  for  different  concentrations  of  mixture 
components  and  gas  pressures; 

2.  Analysis  of  ignition  efficiency,  which  enable  to  plan  experimental  measurements 
of  the  initiation  of  ignition  by  FIW  at  high  temperatures; 

3.  High-temperature  boundary  of  transition  to  pure  thermal  mechanism  of  igni¬ 
tion  initiation. 

•  Experimental  system  for  the  investigation  of  the  ignition  kinetics  and  determination 
of  the  ignition  threshold  shift  in  various  mixtures  in  a  wide  range  of  the  initial  con¬ 
ditions  (temperature,  pressure,  high-voltage  impulse  parameters)  is  adjusted.  The 
systems  for  diagnostic  of  electrical  parameters  of  the  discharge,  gas  dynamic  param¬ 
eters  of  the  shock  wave  and  optical  time-resolved  emission  spectroscopy  system  are 
prepared  for  the  experiments. 

•  Experimental  investigation  of  the  decomposition  of  N20  nitrogen  oxide  in  nanosec¬ 
ond  pulsed  discharge: 

1.  Relative  concentration  profiles  of  electronically  excited  molecules  N2,  NO  and 

during  N20  decomposition  in  the  discharge  have  been  measured; 

2.  Experimental  data  of  the  rate  of  N20  decomposition  at  different  pressures  have 
been  obtained. 

•  Theoretical  analysis  of  the  elementary  exchange  reaction  AB+C—>A+BC  with  the 
random  distribution  of  AB  reagents  over  vibration  energy. 

1.  The  analytical  expressions  for  microconstants  of  processes  that  correspond  to 
certain  vibration  states  of  reagents  AB(v)  and  products  BC(u/)  with  the  use 
of  vibronic  terms  model  have  been  derived; 

2.  It  has  been  proved  that  the  values  of  microconstants  are  completely  determined 
by  the  value  and  temperature  dependence  of  the  experimentally  measurable 
rate  constant  of  reaction  AB+C— >A+BC  in  thermally  equilibrium  conditions 
and  value  of  energy  release  in  reaction  AH. 
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3.  Comparison  of  calculations  using  the  proposed  model  with  calculations  using 
other  models  and  experimental  data  has  been  performed;  the  possibility  to  use 
the  model  for  a  qualitative  analysis  of  vibration  excitation  effect  on  kinetics 
at  various  conditions  of  excitation  -  from  strong  shock  waves  at  Ttr  Tvn>  to 
highly  non-equilibrium  gas  discharge  at  Ttr  <C  Tvn,  -  has  been  proved. 

•  Numerical  investigation  of  the  role  of  vibrationally-excited  molecules  during  the 
oxidation  of  molecular  hydrogen  in  H2-O2-N2  stoichiometric  mixture  in  nanosecond 
pulsed  discharge: 

1.  The  numerical  model  of  gas  excitation  behind  the  FIW  front  in  the  high-current 
stage  taking  into  account  vibrational  levels  excitation  has  been  developed; 

2.  The  numerical  model  of  chemical  kinetics  in  the  complex  system  taking  into 
account  master  equations  for  vibrational  levels  excitation/relaxation  in  the 
discharge  afterglow  and  chemical  reactions  between  excited  reagents  has  been 
developed; 

3.  The  analysis  of  the  role  of  reactions  with  participation  of  vibrationally  excited 
particles  has  been  performed. 

•  Numerical  simulations  of  the  properties  of  a  positive  streamer  in  CH4-air  mixtures 
in  a  nonuniform  electric  field  in  1.5D-formulation. 

1.  The  production  of  active  particles  including  atoms,  radicals  and  electronically 
excited  molecules  by  a  long  positive  streamer  versus  gas  composition,  pressure, 
and  temperature  have  been  calculated.  The  results  have  been  used  to  esti¬ 
mate  the  efficiency  of  the  streamer-corona  ignition  of  the  combustion  in  the 
considered  gaseous  mixtures; 

2.  The  possibility  of  the  ignition  at  high  pressures  of  CH4  :  Air  mixtures  by  a 
streamer  discharge  has  been  demonstrated.  The  ignition  threshold  versus  the 
main  parameters  of  the  system  has  been  determined. 

•  Numerical  code  for  the  modelling  of  discharge  development  in  the  form  of  the  fast 
ionization  wave  was  developed.  The  code  is  based  on  the  solution  of  a  non-stationary 
Boltzmann  equation  by  Monte-Carlo  Particle-In-Cell  method. 

1.  The  governing  role  of  the  non-local  effects  in  the  propagation  of  pulsed  dis¬ 
charges  at  high  overvoltage  and  applicability  of  numerical  results  together  with 
experimental  data  on  population  rates  for  high-energy  emitting  electron  states 
for  calculation  of  the  energy  branching  in  such  a  discharges  have  been  demon¬ 
strated; 

2.  It  has  been  proved  that  the  electron  energy  distribution  function  is  governed 
by  high-energy  electrons  in  the  vicinity  of  the  nanosecond  breakdown  front. 

3.  It  has  been  obtained  that  the  low-energy  part  of  the  EEDF  in  relatively  low 
fields  is  close  to  the  solution  of  stationary  two-term  approximation  of  Boltz¬ 
mann  equation  at  the  appropriate  electric  field. 
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4.  The  rates  of  electron-impact  processes  near  the  fast  ionization  wave  front, 
where  the  relaxation  of  the  high-energy  part  of  the  EEDF  leads  to  the  signifi¬ 
cant  differences  in  constant  rate  values  in  comparison  with  an  equilibrium  case 
have  been  calculated. 
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Part  I 

Experimental  investigations  of  the 
fast  ionization  wave 
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Chapter  2 


Experimental  investigations  of  the 
fast  ionization  wave  structure;  time- 
resolved  measurements  of  the 
electric  field  and  rate  of  active 
particles  production. 

2.1  Fast  ionization  wave 

The  pulsed  electric  discharge  in  gases  at  essentially  high  overvoltage  develops  in  the  form 
of  so  called  ’’fast  ionization  wave”  (FIW)  propagating  at  a  velocity  of  109  —  1010  cm/s. 
High  electric  fields  in  the  FIW  front  and  behind  it  result  in  the  effective  gas  ionization, 
dissociation  and  excitation,  at  the  same  time  the  gas  translation  temperature  does  not 
essentially  change.  The  non-equilibrium  energy  distribution  makes  it  possible  to  provide 
the  high  efficiency  of  FIW,  as  an  ignition  initiator,  at  relatively  low  power  consumption. 

Important  advantages  of  application  of  FIW,  as  an  ignition  source,  are  the  spatial  uni¬ 
formity  and  short  time  of  active  particle  generation  (difference  between  the  characteristic 
time  of  particle  formation  in  FIW  and  the  combustion  and  gas  dynamic  processes  times 
is  about  three  orders  of  magnitude) . 

To  understand  the  basic  features  of  the  development  and  propagation  of  nanosecond 
discharge  we  performed  a  series  of  experiments  to  study  the  behavior  of  an  electric  field 
and  an  excitation  of  electronic  degrees  of  freedom  in  the  molecular  nitrogen  under  the 
action  of  pulsed  periodic  discharge. 

The  kinetic  scheme  has  been  developed  for  the  numerical  modelling  of  the  destruction 
of  molecular  hydrogen  in  the  discharge.  To  check  this  scheme  we  investigated  a  hydrogen 
destruction  experimentally. 

Values  of  the  electric  field  in  the  FIW  front  is  still  being  researched.  Estimations 
based  on  experimental  investigations  reviewed  in  [1]  give  two  sets  of  reduced  electric  field 
values  that  are  concerned  with  the  type  of  generator  used  to  initiate  the  FIW.  For  voltage 
pulse  amplitudes  of  15-25  kV,  values  of  the  reduced  electric  field  are  within  the  range 
of  50-2000  V  cm-1  Torr-1  for  the  pressures  10-30  Torr.  For  voltage  pulse  amplitudes 
from  250  to  300  kV,  the  reduced  electric  field  was  found  to  be  in  the  range  ~  400  —  6000 
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V  cm-1  Torr-1  for  the  pressures  10-100  Torr.  Theoretical  investigations  are  few  and  give 
values  from  520  V  cm-1  Torr-1,  for  the  pressure  of  10  Torr  and  voltage  of  100  kV  [2], 
to  1500  V  cm-1  Torr-1  for  the  same  pressure  and  voltage  of  250  kV  [3].  As  there  is 
significant  uncertainty  between  the  different  data,  it  seems  to  be  reasonable  to  obtain  the 
electric  field  in  the  FIW  front  by  experimental  methods. 

Electric  field  measurements  in  such  a  system  are  complicated  by  the  fact  that  a  wide 
dynamic  range  (from  tens  -hundreds  of  V/cm  behind  the  FIW  front  up  to  some  kV/cm  in 
the  front)  and  good  temporal  resolution  (electric  field  rises  within,  in  any  case,  nanosec¬ 
onds)  are  required. 

In  recent  years,  various  non-perturbation  methods  of  electric  field  measurements  have 
been  developed.  They  are  based  on  the  optical  detection  of  the  Stark  effect.  They  may  use 
either  the  laser-induced  fluorescence  probing  of  the  Stark  mixing  in  the  gas  containing 
molecules  of  special  kind  (NaK)  [4]  or  2+1  photon  laser  Stark  spectroscopy  of  atomic 
hydrogen  [5],  or  the  registration  and  analysis  of  Stark  splitting  of  the  plasma  -  induced 
H  Balmer  delta  emission  in  hydrogen  [6].  The  careful  investigation  of  an  electric  field 
with  temporal  resolution  of  a  few  nanoseconds  using  methods  mentioned  above  is  made 
difficult  by  the  fact  that  the  mediocre  dissociation  degree  in  the  fast  ionization  wave  (no 
more  than  ~  10-4  [7])  leads  to  the  poor  signal-to-noise  ratio. 

Some  efforts  have  been  made  to  measure  electric  fields  for  the  streamer  -  leader  transi¬ 
tion  [8,  9]  using  the  Pockels  effect  (double  refraction  modification  under  the  electric  field). 
The  temporal  resolution  of  this  method  is  limited  by  optical  -  electrical  conversion  and 
may  be  diminished  to  picoseconds.  There  is  another  complication  with  Pockels  device 
measurements:  polarization  of  the  dielectric  in  the  strong  electric  field  may  be  a  reason 
for  the  local  electric  field  gain  near  the  probe.  In  such  a  case,  ionization  growth  in  the 
region  will  leads  to  charge-distribution  distortion  [10].  Calibration  of  the  Pockels  device 
in  the  known  electric  field  excludes  such  errors  and  so  will  be  accurate  only  below  break¬ 
down.  So,  the  best  measurements  by  Pockels  devices  are  made  at  relatively  low  fields 
[11]. 

We  deal  with  a  combined  approach  which  yields  both  the  mean  longitudinal  electric 
field  value  in  the  FIW  front  and  the  electron  density  behind  it.  The  basic  idea  of  the 
method  is  a  reconstruction  of  the  charge  q  per  unit  length  from  the  experimental  mea¬ 
surements  that  takes  into  account  the  space  sensitivity  function  of  the  detector  which  is 
determined  from  the  special  experiments.  The  electric  field  E  and  the  electron  concen¬ 
tration  ne  were  found  on  the  basis  of  the  deduced  q  value.  The  results  are  then  compared 
with  electronic  levels  excitation  dynamics,  obtained  from  the  time-resolved  emission  spec¬ 
troscopy  measurements. 

2.2  Experimental  setup 

The  experimental  apparatus  is  shown  schematically  in  Fig.  2.1.  Negative  voltage  pulses 
with  a  U=15.5  kV  peak-pulse  amplitude,  40  Hz  repetitive  frequency,  and  a  25  ns  duration 
on  half-height  with  a  3  ns  rise  time  were  used  to  initiate  the  FIW.  The  pulses  were 
transmitted  from  the  generator  (1)  through  the  coaxial  electric  cable  to  the  high  voltage 
electrode  of  the  discharge  tube.  The  length  of  the  coaxial  cable  was  chosen  long  enough  to 
separate  the  first  pulse  created  by  the  generator  and  the  reflection  of  this  pulse  from  the 
end  of  the  discharge  tube.  The  following  reflected  pulses  could  have  appeared  because  of 
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the  different  impedances  of  the  generator,  the  cable  and  the  discharge  tube.  These  were 
consequently  prevented  from  influencing  the  results.  Pulse  amplitude  was  controlled  by 
the  low-inductive  broad-band  calibrated  current  shunt  (2)  that  was  included  into  cable 
shield  break. 


Figure  2.1:  Schematic  diagram  of  the  apparatus.  1  -  nanosecond  pulsed  generator;  2 

-  coaxial  current  shunt;  3  -  discharge  tube;  4  -  metallic  screen;  5  -  vacuum  system;  6 

-  capacitive  detector;  7  -  monochromator;  8  -  photomultiplier;  9  -  oscillograph.es;  10  - 
synchrogauge;  11,12  -  power  sources;  13  -  50  Ohm  resistor. 

As  a  rule,  in  the  region  corresponding  to  the  optimal  fast  ionization  wave  propagation 
only  two  pairs  of  pulses  are  usually  registered  by  the  current  shunt.  Approximately  60%  of 
the  energy  stored  in  the  first  pulse  from  the  generator  is  lost  to  the  plasma;  20%  is  added 
in  the  second  pair  of  pulses,  and  ~  20%  is  disappeared  in  the  generator  [12].  It  should  be 
emphasized  that  all  of  the  results  presented  here,  unless  explicitly  stated  otherwise,  refer 
to  the  ionization  wave  initiated  by  the  first  pulse. 

The  glass  discharge  tube  (3)  of  60  cm  length  and  1.75  cm  inner  diameter  with  the  plate 
electrodes  at  the  ends  was  surrounded  by  a  coaxial  metallic  screen  of  diameter  6  cm.  The 
low  voltage  electrode  was  connected  to  the  metallic  screen  by  a  coaxial  electric  cable  with 
a  matching  resistance  (13).  The  tube  was  pumped  and  filled  with  air  by  means  of  the 
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vacuum  system  (5).  The  pressure  was  controlled  by  three  types  of  gauges:  thermocouple 
gauge  PMT-2  for  the  pressure  range  10-3  —  10-1  Torr,  pressure  gauge  6MDx4S  for  the 
10-1  — 10  Torr  and  U-tube  oil  manometer  for  the  10  -  20  Torr  range.  The  space  between 
the  discharge  tube  and  the  metallic  screen  (4)  was  filled  with  air  at  atmospheric  pressure. 

A  modification  of  the  electrical  signal  along  the  tube  was  registered  with  the  aid  of  a 
calibrated  broad-band  capacitive  detector  (6).  The  detector  consists  of  a  duct  capacitor 
connected  with  a  copper  contact  pad  and  the  signal  from  the  duct  capacitor  was  registered 
by  the  oscillograph.  As  a  result,  the  capacitive  probe  yields  a  voltage  signal  related  to 
the  presence  of  a  charge  density  in  the  discharge  cell  where  integration  takes  place  over 
the  whole  charge  distribution.  The  probe  was  moved  in  the  narrow  slit  of  the  tube  screen 
along  the  tube  axis  at  intervals  of  3  mm.  The  signal  from  the  capacitive  detector  may  be 
thought  of  in  the  following  way.  If  the  detector  is  placed  at  a  point  fd  of  the  configuration 
space,  then  assuming  that  directionality  diagram  of  the  probe  is  isotropic,  the  electric 
signal  from  the  detector  may  be  represented  as 

V(fd)  =  I  p(f)fd(fd  —  f)d3r  (2.1) 

n 

Here,  the  region  Q,  is  bounded  by  metallic  screen,  fd  is  a  space  sensitivity  function  of  the 
detector  and  p(f)  is  a  charge  distribution. 

It  is  known  from  the  experimental  observations  that  the  fast  ionization  wave  is  an 
axially  symmetric  structure  [12].  In  such  a  situation,  electric  potential  and  the  signal 
from  the  capacitive  detector  at  the  point  rj  will  be  defined  only  by  the  charge  q  per  unit 
length,  ignoring  any  real  charge  distribution  in  the  cross-section.  Then 

+oo 

V{xd)=  J  q{x)fd(x  -  xd)x,  (2.2) 

— OO 

where  the  actual  integration  limits  are  restricted  by  the  width  of  the  space  sensitivity 
function. 

The  space  sensitivity  function  of  the  capacitive  probe  was  determined  from  the  spe¬ 
cial  experiments.  In  these  experiments  a  signal  from  the  detector  was  registered  at  the 
known  charge  distribution.  The  high  voltage  electrode  described  above  was  replaced  by 
an  electrode  of  223  mm  in  length.  The  end  plate  of  the  electrode  was  then  covered  with 
a  thin  dielectric  layer  to  prevent  corona  development  and  experiments  were  performed  at 
atmospheric  pressure.  The  probe  was  moved  along  the  discharge  tube  at  intervals  of  1  mm 
and  signal  amplitude  was  registered.  Simultaneously  charge  distribution  in  the  region  Q 
was  defined  from  the  Laplacian  solution  assuming  that  the  electrode  is  an  equip otential 
surface.  The  space  sensitivity  function  was  then  obtained  on  the  basis  of  equation  (2.2).  It 
was  found  that  the  detector  sensitivity  function  is  a  symmetric  curve  ~  4  cm  in  halfwidth. 

Time  delay  At  of  the  radiation  front  in  the  measurement  cross  section  in  comparison 
with  the  electric  field  front  was  measured  by  a  narrow-band  capacitive  sensor  and  coaxial 
photocell  FEK-22  (spectral  range  of  sensitivity  -  250  -  550  nm). 

In  experiments  on  determination  of  the  absolute  radiation  intensity  the  radiation  pro¬ 
duced  by  separate  transitions  was  recorded  by  an  optical  system  that  consists  of  a  set  of 
diaphragms,  monochromator  MDR-12  (7)  and  photomultiplier  (8)  14ELY-FT  (the  spec¬ 
tral  sensitivity  range  of  the  photocathode  was  250-600  nm).  The  radiation  was  selected 
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in  the  direction  perpendicular  to  the  discharge  device  axis  at  a  distance  of  20  cm  from 
the  high-voltage  electrode. 

Measurements  were  performed  in  air  and  spectrally  pure  nitrogen  at  pressures  from 
1  Torr  to  20  Torr  for  0-0  transition  of  the  second  positive  system  (A=337.1  nm)  and  0-0 
transition  of  the  first  negative  system  (A=391.4  nm). 

The  width  of  each  electron-vibration  transition  was  experimentally  determined  with  a 
spectral  step  of  0.25  A.  To  eliminate  the  contribution  of  the  adjacent  bands  into  the  signal 
and  provide  the  constant  sensitivity  of  the  recording  system  in  the  whole  transmission 
band  the  independent  adjustment  of  input  and  output  monochromator  slots  was  used. 

To  obtain  absolute  characteristics  the  optical  system  was  calibrated  with  the  use  of 
light  sources  with  known  absolute  radiation  densities:  deuterium  calibrated  DDS-30  (spec¬ 
tral  range  200-500  nm)  and  tungsten  TRY-1100  (spectral  range  350-700  nm). 

The  temporal  resolution  of  the  optical  system  was  1  ns  at  low  pressures  and  2  ns  at  high 
pressures  and  was  determined  by  the  time  that  was  required  in  order  that  the  breakdown 
front  pass  through  the  discharge  tube  section  which  radiation  was  gathered  from.  During 
synchronized  recording  of  the  electric  field  and  radiation  the  temporal  resolution  was  1  ns. 

All  signals  were  registered  on  the  oscillograph  Tektronix  TDS-380  and  S9-4A  (9)  with 
synchro-signal  taken  from  the  gauge  (10)  positioned  over  the  high-voltage  electrode.  Os¬ 
cillographs  were  positioned  in  a  shielded  room  and  all  cables  were  additionally  screened 
to  prevent  high  -  frequency  electrical  noise.  The  oscillograms  of  the  signals  from  the 
capacitive  detector  were  processed  using  the  specially  elaborated  software  package. 

Temporary  resolution  of  both  the  electric  and  spectroscopic  measurements  was  less 
than  2  ns.  Experiments  were  performed  in  air  for  the  pressure  range  0.1-16  Torr.  The 
pressure  range  was  taken  in  order  to  optimize  the  FIW  propagation  for  the  high  voltage 
pulse  parameters  previously  mentioned. 


2.3  FIW  front  velocity  and  attenuation 

The  FIW  front  velocity  was  taken  as  a  velocity  of  the  point  on  the  front  half-way  up  the 
signal  amplitude  by  assuming  that  ionization  wave  front  acceleration  is  constant.  FIW 
front  velocity  Vfr  dependence  versus  pressure  is  represented  in  Fig.  2.3  together  with  the 
attenuation  coefficient  G.  This  attenuation  coefficient  was  determined  according  to  the 
expression  G  =  (U50  —  C/450) /C/50,  where  C/50  and  C/450  -  are  the  signal  amplitudes  at  the 
points  respectively  situated  at  50  and  450  mm  from  the  high  voltage  electrode.  Inasmuch 
as  the  ionization  wave  amplitude  drops  linearly  along  the  length  of  the  discharge  tube,  the 
attenuation  coefficient  allows  an  estimate  of  the  wave  amplitude  at  the  arbitrary  distance 
from  the  high  voltage  electrode.  At  the  pressures  which  are  typical  for  the  region  of 
increase  of  the  V/r(P )  dependence,  FIW  propagates  along  the  tube  with  a  near  constant 
velocity.  With  the  growth  of  pressure,  the  back  of  the  ionization  wave  slows  down  first 
and  eventually  so  does  the  front  of  the  wave. 
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Figure  2.2:  Dependence  of  the  FIW  front  velocity  VfT  (curve  (1))  and  the  amplitude 
attenuation  coefficient  G  (curve  (2))  versus  pressure. 

2.4  Electric  field  in  the  FIW  front  and  electron  den¬ 
sity  behind  the  front 

For  all  investigated  pressures  it  was  found  that  the  electric  field  profiles  are  asymmetric 
in  time.  They  rise  to  a  peak  value  during  3-4  ns  and  then  drop  during  ~2  ns,  after  that, 
a  smooth  decrease  down  to  zero  is  observed. 

Peak  electric  field  values  increase  slightly  with  pressure:  from  4.5  kV/cm  when  P  = 
1  Torr  to  8  kV/cm  at  16  Torr  in  the  cross  section  at  distance  20  cm  from  the  high  voltage 
electrode.  At  the  same  time,  peak  values  of  the  reduced  electric  field,  represented  in 
Fig.  2.3,  curve  (1),  change  by  an  order  of  magnitude  within  the  investigated  pressure 
range.  It  should  be  mentioned  that  data  processing  with  an  assumption  of  zero  width  for 
the  detector  sensitivity  function  fd  =  S( x  —  xd)/C  (where  C  is  a  constant)  gives  the  same 
tendency  for  the  E/P  maximum  value  to  diminish  with  pressure  (compare  curves  (1)  and 
(2)  in  Fig.  2.3).  But  as  the  absolute  E/P  values  are  1.5  —  2  times  lower  than  the  ones 
calculated  with  the  real  fd ;  they  can  hence  be  used  as  an  experimental  estimation. 
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Figure  2.3:  Peak  values  of  the  longitudinal  reduced  electric  field  vs  pressure  in  the  or¬ 
thogonal  section  situated  at  position  20  cm,  relative  to  the  high  voltage  electrode.  Curve 
(1)  represents  data  recovered  with  real  detector  sensitivity  function,  curve  (2)  -  with 
fd  =  6(x-xd)/C). 


The  significant  decrease  of  E/P  values  with  pressure  must  sharply  influence  the  energy 
distribution  in  the  discharge.  For  example,  at  the  pressure  P=  1  Torr  the  maximum 
reduced  field  reaches  4.5  kV/(cm  •  Torr)  and  so  significantly  exceeds  the  threshold  for 
the  electron  runaway  [13].  Alternatively,  at  the  P— 16  Torr,  the  peak  E/P  value  reduces 
to  0.5  kV/(cm  •  Torr)  so  that  the  mean  reduced  electric  fields  correspond  to  effective 
ionization  and  electronic  levels  excitation. 

It  was  found  that  the  degree  of  ionization  diminishes  with  pressure,  whereas  electron 
density  dependence  ne(P )  has  the  form  of  a  smooth  curve  with  maximum  value  ne  —  5-1012 
cm-3  at  the  pressure  P  =  4  Torr.  It  should  be  noticed  that  the  maximum  of  the  ionization 
wave  front  velocity  is  attained  at  the  same  pressure  (see  Fig.  2.3). 
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2.5  The  rate  of  electron  excited  states  population 

The  excited  states  population  is  determined  by  processes  of  excitation,  radiative  depopu¬ 
lation  and  quenching  during  collisions  with  heavy  particles.  The  electron-excited  particle 
concentration  in  FIW  is  small  in  comparison  with  the  concentration  of  nitrogen  molecules 
in  the  ground  state.  Therefore,  under  conditions  of  this  study  the  upper  electron  level 
population  is  formed  predominantly  from  the  ground  state  by  the  direct  electron  impact. 
An  equation  that  describes  change  in  the  excited  state  particle  [N*]  concentration  shows 
up  as  follows: 


®  =  q  _  I[jv*j  -  *$,[jvy[jr]  -  k%\o2w\,  (2.3) 

Herein  r0  -  radiative  lifetime  of  the  associated  level,  -  constant  of  the  rate  of  excited 
molecule  (ions)  quenching  by  N2  molecules,  -  constant  of  the  rate  of  quenching  by 
O2  molecules,  Q  -  the  rate  of  nitrogen  electron  state  excitation  from  the  ground  state  by 
electron  impact.  The  Q(t)  rate  of  excitation  may  be  reconstructed  for  any  time  moment 
t  from  [ N *]  and  d[N*]/dt  values  measured  in  the  experiment. 

On  the  other  hand  the  population  rate  is  determined  by  concentrations  of  electrons  ne 
and  nitrogen  molecules  in  the  ground  state  [N2],  excitation  process  section  a  and  electron 
energy  distribution  function  f(e): 

+OO  r-T - 

Q  =  ne[N2]  j  <T(e)J—y/ef(e)de  =  ne[N2]((jv),  (2.4) 

J  V  TTtp 
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where  Sk  -energy  threshold  of  the  state  excitation.  For  the  electron  energy  distribution 
function  the  unit  normalization  with  %/e  weight  coefficient  was  adopted: 

+OO 

J  \/ef(e)de  =  1  (2.5) 

0 

To  analyze  the  EEDF  in  the  nanosecond  discharge  the  numerical  solution  of  Boltzmann 
stationary  equation  in  two-term  approximation  and  three  different  analytical  dependencies 
were  used. 

In  a  number  of  paper  [14,  15]  the  accuracy  of  two-term  approximation  was  analyzed 
for  molecular  nitrogen  by  estimation  of  residual  terms  of  expansion  into  Legandre  series 
and  comparison  of  the  obtained  results  with  modeling  by  Monte-Carlo  method.  It  was 
shown  that  integral  characteristics  of  the  plasma,  i.e.  average  and  characteristic  energies, 
diffusion  and  mobility  coefficients  determined  by  a  low-energy  part  of  EEDF,  can  be  found 
with  25%  error  up  to  1500  Td  fields  (1  Td=10~17  V-cm2). 

To  solve  numerically  Boltzmann  equation  processes  of  elastic  collisions  [16],  rotational 
excitation  [IT],  population  of  the  first  ten  vibrational  levels  of  the  main  nitrogen  molecule 
state  [18,  19],  excitation  of  the  first  11  lower  electron  levels  of  N2  molecule  [20]  and  of 
Rydberg  states,  energy  losses  through  dissociation  [21,  22]  and  ionization  [23,  24]  processes 
were  taken  into  account.  It  was  assumed  that:  1.  electron-electron  and  electron-ion 
collisions  do  not  essentially  contribute  into  the  process,  which  fits  well  for  relatively  low 
degree  of  gas  ionization  ~  10-4  and  the  total  electron  concentration  of  ~  1012  cm-3 
at  conditions  of  this  study;  2.  there  is  a  spatially  uniform  version  of  EEDF  which  is  in 
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equilibrium  with  the  local  electric  field;  the  latter  condition  is  obviously  violated  in  strong 
fields  in  the  vicinity  of  the  ionization  wave  front,  but  in  a  few  nanoseconds  the  following 
E/N  decrease  up  to  100  -  400  Td  makes  it  possible  to  use  the  two-term  approximation. 

A  flow  of  fast  electrons  of  energy  about  tens  keV  which  is  formed  within  the  first  several 
nanoseconds  at  the  breakdown  front  where  the  reduced  electric  field  is  over  the  runaway 
threshold  causes  the  generation  of  the  secondary  electrons  which  degrading  spectrum  is  a 
power  series  and  rather  slowly  decreases,  as  the  energy  increases  [25]. 

When  solving  Boltzmann  non-stationary  equation  in  [26]  it  was  shown  that  in  molec¬ 
ular  nitrogen  at  pressure  of  several  Torrs  the  time  of  “cooling  down”  of  the  secondary 
electron  spectrum  in  10-100  eV  energy  range  after  the  beam  action  is  ceased  makes  up 
tens  of  nanoseconds,  which  can  result  in  the  considerable  overenrichment  of  EEDF  in 
this  energy  range  for  a  short  period  of  time  in  comparison  with  the  results  of  analysis  in 
two-term  approximation. 

For  this  reason  a  number  of  analytical  dependencies  for  EEDF  which  are  characterized 
by  different  behavior  in  the  high  energy  range  were  additionally  treated: 

Maxwell  distribution  with  se  average  electron  energy: 


Druyvesteyn  distribution: 


(2.6) 


/<,(£)  =  4Fi5M£«"3/2exp(-S©2)>  <2-7> 

Maxwell  distribution  is  derived  with  the  assumption  that  the  transport  scattering 
frequency  is  constant:  utr(e)  =  const.  The  more  rapid  fall  at  high  energies  is  typical  for 
Druyvesteyn  distribution.  The  following  is  valid  for  it:  vtr(e)  ~  e1/2. 

Additionally  we  examined  EEDF  associated  with  the  condition  of  utT(e)  ~  and 
characterized  by  the  slower  than  (2.6)  and  (2.7)  decrease  of  the  number  of  electrons  in 
the  distribution  “tail” : 


/1/2O?)  =  6\/3se  3/2  exp  ^—2^/3  (^j  1  j  (2.8) 

The  distribution  /i/2  (2.8)  represents  an  intermediate  version  between  the  spectrum 
of  the  relaxing  impulsed  beam  and  stationary  distribution  in  the  external  electric  field. 
It  appears  to  be  the  most  adequate  description  of  the  process  of  high  electron  states 
population  in  the  ionization  wave  that  forms  the  beam-type  electron  distribution  at  the 
front.  At  the  same  time  behind  the  FIW  front  the  distribution  close  to  the  solution  of 
Boltzmann  equation  in  two-term  approximation  is  formed  in  the  low  energy  part  of  the 
spectrum. 


2.6  Average  energy  and  density  of  electrons  in  dis- 
charge 

Independent  measurements  of  FIW  electron  concentration  and  electric  fields  under  the 
similar  conditions  [27]  make  it  possible  to  analyze  usability  of  EEDFs  of  various  types  at 
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conditions  of  discharge  under  high  overvoltage  at  earlier  stages. 

Ratio  W  of  N2(C'3nu,  v'=0)  and  N2  v'=0)  level  population  rates  at  specified 

EEDF  parametrically  depends  (2.4)  on  the  average  energy  of  electrons  ee: 


W(e.)  = 

Q  n£(B2Iju) 
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(2.9) 


The  average  energy  ee  can  be  determined  for  every  EEDF  by  comparison  of  W{ee) 
value  calculated  on  the  basis  of  (2.9)  with  population  rate  ratio  experimentally  determined 
from  (2.3). 

Cross-sections  a2+  and  ax-  were  reconstructed  from  excitation  function  of  nitrogen 
spectral  bands  with  the  use  of  Frank-Cordon  known  coefficients  for  the  second  positive 
[28]  and  the  first  negative  [29]  systems  of  nitrogen. 

The  electron  density  ne(t )  can  be  calculated  on  the  basis  of  (2.4)  with  the  use  of  known 
average  energy  of  electrons  ee(t)  for  every  EEDF  and  experimental  measured  electron  state 
population  rates  Q{t ): 


"«(*)  = - too  Q{<t- -  (2-10) 

[N2]  f  a(s) y/ef  {e)de 

Typical  results  for  nitrogen  at  pressure  of  4  Torr  are  presented  in  Fig.  2.4a-d.  Plausible 
time  interval  of  measurements  is  limited  by  r  ~22  ns  period  of  time  when  the  excitation 
rate  becomes  less  than  the  quenching  rate  of  the  N^(P2S+,  v'=0)  level. 

Electron  recombination  processes  for  such  a  period  of  time  can  be  disregarded,  and  the 
decrease  of  the  level  excitation  rate  is  caused  by  decrease  of  the  electron  energy.  Hence, 
electron  concentration  is  to  be  monotonically  built  up  during  the  impulse  and  become 
stationary.  We  adopted  this  behavior  of  electron  concentration  as  one  of  criteria  of  the 
actual  EEDF  approximation  accuracy. 

Conformity  of  the  absolute  value  of  maximum  electron  concentration  to  the  ne  values 
experimentally  obtained  serves  as  the  second  criterion. 

In  paper  [27]  at  identical  conditions  the  dynamics  of  the  electric  field  in  discharge  and 
electron  concentration  behind  the  FIW  front  were  reconstructed  on  the  basis  of  charge 
density  measurements.  Results  of  comparison  of  ne  calculated  for  various  EEDF  with 
experimental  data  are  shown  in  Fig.  2.5. 

It  follows  from  Figs.  2.4,  2.5  that  EEDF  (2.8)  which  at  t  ~  16  ns  makes  it  possible 
to  reach  stationary  value  of  ne(t)  adequately  coinciding  with  the  experimental  electron 
concentration  at  various  pressures  meets  the  both  criteria  best  of  all. 


2.7  Verification  of  self-consistency  for  various  EEDF. 
Reduced  electric  field  value. 

To  verify  self-consistency  of  the  solution  obtained  with  the  use  of  known  dependencies 
£e(t),  ne(t)  and  integral  ionization  section  [23]  the  kl  nitrogen  ionization  rate  constant 
was  calculated  for  the  modeling  EEDF  (2.8): 
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Figure  2.4:  Typical  results.  Nitrogen,  pressure  P  =  4  Torr.  a)  Experimental  measured 
concentration  of  excited  particles.  1  -  in  N2(C'3IIU,  v'=0)  state,  2  -  in  N+(B2E+,  v'=0) 
state,  b)  Excited  particle  concentration  growth  rate.  1  -  in  N2(C'3IIU,  v'—O)  state,  2  -  in 
N^(i?2E+,  v'=0)  state,  3  -  in  N2(C'3IIU,  u'=0)  state,  calculation  using  ne(t )  dependence 
obtained  and  excitation  rate  constant  from  the  stationary  two-term  approximation,  c) 
Dynamics  of  average  electron  energy  change,  calculation  for  different  EEDFs.  1-/^2- 
fmi  3  —  $Bi  4  —  /i/2.  d)  Dynamics  of  electron  concentration  change.  Designations  are  the 
same,  e)  Dynamics  of  electric  field  change  reconstructed  by  se  for  fi/2. 
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Figure  2.5:  Pressure  dependence  of  maximum  electron  concentration.  1  -  measurement 
results,  2  -  calculation  for  f1/2,  3  -  fB,  4  -  fm,  5  -  fd. 


On  the  other  hand,  it  follows  from  the  electron  balance  equation: 


1  dne 
nen0  dt 


(2.12) 


Absolute  ionization  rate  constants  obtained  from  (2.11)  and  (2.12)  coincide  with  each 
other  within  two  times  during  the  whole  impulse.  The  ionization  rate  calculated  in  two- 
term  approximation  is  approximately  by  the  order  of  magnitude  less  and  results  in  the 
essential  discrepancy  with  the  experimental  observed  values. 

Thereby,  considerable  overpopulation  of  the  EEDF  high-energy  part  due  to  the  de¬ 
grading  spectrum  is  to  be  taken  into  account  in  description  of  ionization  and  high  level 
population  rate. 


The  function  of  average  electron  energy  dependence  on  reduced  electric  fields  in  ni¬ 
trogen  is  known  with  the  high  accuracy  [15]  which  makes  it  possible  to  determine  E/N 
at  any  moment  of  time  with  the  use  of  ee  average  electron  energy  obtained.  In  [15]  the 
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good  agreement  between  ee(E/N)  calculation  in  the  frame  of  two-term  approximation  of 
Boltzmann  equation  and  experimental  data  up  to  500  Td  is  shown. 

Since  in  low-energy  part  the  /i/2  and  fs  functions  virtually  coincide  at  the  same  ee 
the  further  mathematical  treatment  is  conducted  for  numerical  solution  of  Boltzmann 
equation  /#  at  se,  average  energy  determined  by  fi/2  modeling  function.  The  electric 
field  change  calculated  in  such  a  manner  during  the  radiation  impulse  is  presented  in 
Fig.  2.4e. 

The  section  of  N2((73nu)  level  excitation  by  electron  impact  is  known  with  the  good 
accuracy.  The  approximation  of  E/N  dependence  of  this  state  excitation  rate  constant 
kc  calculated  in  the  two-term  approximation  is  given  in  [14]: 

21 8 

1s<:c  =  “8'1-b7V  (213> 

where  E/N  is  expressed  in  Td  and  k  -  in  cm3/s.  The  N2(C,3nu,u  =  0)  population  rate 
was  calculated  taking  into  consideration  the  ( E/N)(t )  and  ne(t )  dependencies  obtained. 
The  results  are  given  in  Fig.  2.4b.  It  is  clear  that  the  population  rate  of  this  relatively 
low  level  is  adequately  described  by  the  calculation  in  the  two-term  approximation.  The 
similar  comparison  for  the  N2(£2E+)  high  level  results  in  the  discrepancy  between  results 
of  calculation  in  the  two-term  approximation  and  experiments  by  more  than  the  order  of 
magnitude. 


2.8  Structure  of  the  ionization  wave  front 


As  noted  above,  the  reduced  electric  fields  in  the  FIW  front  for  the  first  several  nanosec¬ 
onds  prior  to  the  radiation  impulse  start  are  very  high.  If  we  base  on  the  data  of  Fig.  2.4  c,d 
and  adopt  ee  —  6  eV  and  ne  =  2  •  1010  cm-3  for  electron  energy  and  concentration  direct¬ 
ly  behind  the  wave  front  we  obtain  a  paradoxical  result:  the  calculated  current  density 
j  —  0.1  A/cm2  is  by  more  than  the  two  orders  of  magnitude  less  than  the  current  density 
jc  —  25  A/ cm2  required  to  charge  the  discharge  device  capacitance  per  unit  length.  Since 
behind  the  FIW  front  the  current  density  is  to  be  constant  with  the  accuracy  up  to  the  rel¬ 
atively  slow  change  of  the  plasma  potential  as  the  discharge  develops  it  is  possible  to  make 
a  conclusion  that  in  the  vicinity  of  the  high  field  front  the  local  approximation  becomes 
improper  and  the  current  calculation  based  on  the  calculated  electron  concentration  and 
energy  becomes  invalid. 

We  start  from  the  fact  that  directly  at  the  ionization  wave  front  the  fast  electrons  of  n{ 
concentration  predominantly  contribute  into  the  charge  transfer  and  estimate  their  energy 
on  the  basis  of  spectral  data  obtained.  The  average  energy  of  such  electrons  is  to  be  over 
the  velocity  of  the  FIW  front  propagation  which  results  in  se  >  5  keV  estimate  at  4  Torr 
pressure  and  vfr  ~  4  •  109  cm/s  [27]  associated  velocity.  The  N2(C,3IItt,  v'=0)  excitation 
section  at  these  energies  is  a  negligible  small.  Assuming  that  the  electron  distribution  in 
FIW  front  is  virtually  monoenergetic  we  write  for  the  N^(S2S+,  v'-0)  state: 


[Nj-(B2SJ,»  =  0)U 

T 


=  l-Nhki-  (i>) 


(2.14) 


Herein,  ( v )  -  average  electron  energy.  The  0  ~  1  cm  radius  is  adopted  as  a  characteristic 
length  of  electron  path  prior  to  their  drift  to  the  side  wall  of  the  discharge  tube.  Then, 
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the  concentration  corresponding  to  [N^(B2E+,w  =  0)]min  threshold  of  particle  detection 
is  generated  for  r  ~  S/vfr. 

We  estimate  n{  characteristic  electron  concentration  in  the  wave  front  on  the  basis 
of  the  fact  that  enfe(vx)  fast  electron  current  density  is  to  correspond  to  qcvfr/S  density 
of  the  current  to  charge  the  discharge  device  capacitance  per  unit  length,  where  qc  -  the 
charge  per  unit  length: 


n{  =  qcVfT/eS{vx).  (2.15) 

Assuming  that  the  main  component  of  the  electron  velocity  in  the  FIW  front  is  directed 
along  the  discharge  device  axis,  i.e.  (v)  ~  (vx),  at  [N2]~  1017  cm'3  from  (2.14,  2.15)  we 
obtain  an  estimate  of  the  excitation  section: 


=  [N+(i?2S+  u  =  0)]min  (v.) 

&qc  [N2]  (v) 


(2.16) 


On  the  basis  of  the  fact  that  the  (vx)  projection  can  not  be  less  than  vfr  wave  front 
velocity  the  accuracy  of  the  assumption  made  is  1/2  <  ( vx)/(v )  <  1  and,  hence,  at 

ne  ~  (2  -  4)  •  1010  cm-3  electron  concentration  the  average  energy  in  the  wave  front  is 
ee  ~  20  ±  5  eV. 


With  a  knowledge  of  the  <7;  ~  7  •  10  18  cm2  total  nitrogen  ionization  section  for  those 
energies  it  is  possible  to  estimate  the  ne  concentration  of  the  secondary  electrons  generated 
by  n{  fast  electrons  prior  to  their  drift  to  the  wall:  ne  ~  n{[N2](ji@  ~  2  •  1010  cm-3,  which 
is  in  good  agreement  with  the  electron  concentration  directly  behind  the  high  field  front 
(Fig.  2.4)  which  was  obtained  in  this  study. 

Fig-2-6  shows  the  temporal  evolution  of  electric  field  impulse  and  the  N2(C,3n„,  v'=0) 
and  N^(52E+,  v'=0)  levels  population  at  4  Torr  pressure  in  nitrogen.  The  time  reference 
point  of  Q(t)  and  the  maximum  electric  field  was  chosen  by  matching  of  absolute  values 
of  ( E/N)(t )  dependencies  measured  in  [27]  and  calculated  (Fig.  2.4e).  The  time  shift 
obtained  correlates  well  with  At  measured  time  delay  between  the  electric  signal  and 
radiation. 


As  is  seen  from  Fig.2.6  the  radiation  impulse  starts  behind  the  FIW  front  in  E/N  ~ 
300  Td  reduced  fields.  The  maximum  population  rate  determined  by  not  only  the  electron 
state  excitation  rate  constant  but  also  the  electron  concentration  is  attained  at  E/N  ~ 
120  Td  fields  in  the  whole  range  of  pressures  contemplated. 

Thereby,  it  is  possible  to  argue  that  intensive  generation  of  electrons  as  well  as  the 
electron  state  population  take  place  behind  the  ionization  wave  front  in  residual  fields 
and  the  moments  of  time  when  “electrical”  and  “luminous”  FIW  fronts  come  to  the 
measurement  cross  section  are  essentially  separated. 
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Figure  2.6:  Temporal  evolution  of  electric  field,  N2((73IIU,  v'=0)  and  N^(i?2E+.  ?/=0) 
level  population  rate  and  value  in  nitrogen.  1  -  electric  field  dynamics,  measurements  by 
capacitive  divider,  2  -  N2(C'3IItt,  v'=0)  state  particle  concentration,  3  -  N 2'(52E+,  v'=0) 
state  particle  concentration,  4  -  N2(C'3IIU,  v'=0)  state  population  rate,  5  -  N £(B2Z+, 
v'=0)  state  population  rate,  •  -  electric  field  values  obtained  in  this  study. 


Part  II 

Numerical  modelling  of  the  fast 
ionization  wave 
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Chapter  3 

A  Monte  Carlo  simulation  of  the 
Fast  Ionization  Wave  development 
and  propagation 


Well-known  approaches  developed  for  the  glow  discharge  modelling  are  unsuitable  in  the 
case  of  self-consistent  modelling  of  pulsed  nanosecond  discharges,  which  are  characterized 
by  high  values  of  electric  field  strength  in  the  breakdown  front  -  up  to  a  several  kTd. 

In  particular  two-term  approximation  of  Boltzmann  equation  failed  to  describe  elec¬ 
trons  behavior  at  high  E/N;  qualitatively  new  effects  appear  due  to  non-local  nature  of 
the  task;  high-energy  so  called  “run-away”  electrons  carry  noncompensated  charge  and 
provide  an  effective  pre-ionization  [114,  115]. 

In  the  other  hand  it  is  existence  of  the  region  with  very  strong  electric  fields  allow  to 
describe  fast  ionization  waves  as  a  separate  class  of  discharges. 

Modelling  of  such  discharges  requires  the  most  general  models,  which  imposes  quite 
strict  demands  both  on  the  input  information  (in  particular,  on  the  presence  of  differential 
cross-sections  data  for  a  wide  range  of  electron  energies)  and  on  the  numerical  methods 
used. 

In  the  present  work  a  numerical  code  has  been  developed  for  the  modelling  of  discharge 
development  in  the  form  of  the  fast  ionization  wave. 


3.1  Boltzmann  kinetic  equation  for  electrons 

To  analyze  a  development  and  propagation  of  the  fast  ionization  wave  at  high  reduced 
electric  field  values  let  us  consider  a  gas  of  electrons  in  the  electric  field  E  with  a  velocity 
distribution  function  f(x,v,t).  In  such  a  case  f(x,v,t)dx3dv 3  represents  a  number  of 
electrons  which  are  situated  at  the  time  moment  t  in  6-dimensional  volume  element  dx3dvz, 
and  (x,  v)ave  their  coordinates. 

Electron  acceleration  under  the  electric  field  E  is  equal  -(eE)/me.  Assuming  that 
electron  does  not  change  its  velocity  during  a  short  time  interval  and  does  not  change 
electric  field  strength  in  the  same  time  interval  6t,  we  shall  obtain  that  electron  with  initial 
coordinates  (if,  17) at  t  —  to  will  change  coordinates  for  (x',v'),  which  may  be  derived  from 
the  following  relationship: 
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x'  —  x  +  vSt 


(3-1) 


v'  —  v - St  (3.2) 

m 

Let  us  consider  two  small  elements  of  the  phase  volume  placed  at  the  points  (x,  u)and 
{pc',  u')(Fig.3.1)  of  the  6-dimensional  space  of  velocities  and  coordinates. 

It  is  follows  from  equations  (3.1)  and  (3.2),  that  part  of  electrons  from  volume  element 
(d3xd3v)  at  point  (x,  u)will  move  to  volume  element  {d3x'd3v')  at  point  (x',  u')during  a 
time  interval  St. 

At  first  order  of  a  St  value  we  have  d3xd3v  —  d3x'd3v'  and,  consequently,  number  of 
molecules  dN  in  the  volume  element  with  coordinates  (x,  v)may  be  written  as  [117]: 


3  3 

dx  dv 


Figure  3.1:  Volume  element  in  the  6-dimensional  phase  space  of  velocities  and  coordinates 
of  the  system 


dN  =  f(x,v,t)d3xd3v  (3.3) 

at  the  same  time  number  of  electrons  dN'  in  the  volume  element  with  (x’,  ?/)  coordinates 
will  be 
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dN'  =  /(f',  if,  t  +  5t)d3xd3v  (3.4) 

A  total  electron  flow  from  {x,  v)~  state  to  (x',  v')~  state  taking  into  account  (3.1, 3. 2, 3.3, 3.4) 
may  be  written  as 


dN'-dN  =  [f{x',if,t  +  6t)-f{x,v,t)\d3xd3v  = 

eE 

f(x  +  vSt,  v - St,  t  +  St)  -  fix,  v,  t ) 

me 


d3xd3v  — 


Ov  Tflp 


Std3xd3v 

where  Vv  —  gradient  operator  in  the  space  of  velocities: 


(3.5) 


Vv  =  i(d/dvx)  +  j(d/dvy)  +  k(d/dvz)  (3.6) 

A  A 

and  i,  j,  k  —  unit  vectors  along  vx,vy,  vz  axis  of  the  Cartesian  coordinates  in  the  velocity 
space. 

But  part  of  electrons  placed  in  the  volume  element  with  coordinates  (x,  v)at  a  time 
moment  t  will  not  reach  volume  element  with  coordinates  (x1,  u')at  a  time  moment  t  +  St. 
These  electrons  will  change  their  energy  and/or  direction  of  motion  (that  is  a  scattering 
will  take  place)  due  to  collisions  with  molecules.  Such  a  scattering  will  change  a  velocity 
distribution  function  f(x,  v,  t). 

Let  us  denote  a  variation  of  electron  number  in  a  volume  d3xd3v  due  to  collisions  as 
(Sf/St)cStd3xd3v.  In  such  a  case  (Sf  /St) c  value  is  a  velocity  of  /  function  changing  in 
time  due  to  electron  -  molecular  collisions  of  all  the  types  (elastic,  non-elastic,  superelastic, 
ionizing).  Correction  factor  for  a  total  electron  flow  from  the  ( x,v )-  state  to  the  (x',  in¬ 
state  due  to  the  scattering  will  be  written  as 


dN'  -dN=(54- 
\St 

and  from  (3.5),  (3.7)  follows  that 


Std3xd3v 


d± 

dt 


+  v-  V/  —  —  •  Vv/  = 
m 


(3.7) 


(3.8) 


3.1.1  Boltzmann  equation  for  an  electron  energy  distribution 
function  in  the  nearly  isotropic  case 

In  the  case  of  an  elastic  electron-molecule  collisions  energy  exchange  between  colliding 
particle  is  too  small  in  comparison  with  a  typical  primary  electron  energy  because  of  the 
great  difference  in  the  masses  of  the  electron  and  molecule.  At  the  same  time  deviation 
of  velocity  vector  from  its  initial  direction  may  be  significant.  If  electron  path  between 
elastic  collisions  small  in  comparison  with  the  path  between  the  nonelastic  ones,  then  due 
to  large  electron  deviations  their  velocity  distribution  f(v)  practically  does  not  depend 
upon  velocity  direction  v.  Therefore  we  may  use  a  following  expansion  for  f[y)  [116]: 
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f(v)  ~  fo(v)  +  ^  ■  fi{v)  (3.9) 

where  fo  and  /i  —  depend  upon  v  only  (more  precisely,  from  the  absolute  value  of  v)  and 

IAI«/o. 

Using  such  an  expansion  and  taking  into  account  elastic,  inelastic  and  superelastic 
collisions  one  may  derive  from  (3.8)  in  spatially  isotropic  case  [118]: 


/rmA1/2  dfo 

E2  d 

(  U 

dfo ) 

1  2m  d  / 

\  2e  /  dt 

3  du 

\NQm 

du  j 

'  +  Wdu  v 

(u2N  Qmfo)  + 
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2 mkT  d 
Me  du 


u2NQ, 


dfo 

m  <-v 

du 


) 
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[(^  “I-  Uj)NoQj(u  +  Uj)  ufQ^u)N()Qj (u)]  + 

3 

[(^  uj)fo(u  —  Uj)N()Q-j (u  —  Uj)  —  ufo{u)N()Q_j{u)] 

3 


(3.10) 


where  Qj{u)  is  a  cross-section  of  molecule  excitation  from  a  ground  state  to  jth  excited 
one  in  nonelastic  collisions  with  an  electron,  which  had  an  energy  u  before  a  collision; 
Qm(u)  is  a  cross-section  of  elastic  electron-  molecular  collisions  with  an  impulse  transfer: 


n 

Qm(u )  =  211  /(l-  cos(0))/(0,  u)  sin (G)dO  (3.11) 

o 

No  is  a  molecule  density  in  a  ground  state,  Nj  is  a  molecule  density  in  a  jr'th  excited  state, 
M  is  a  molecule  mass,  m  is  a  electron  mass,  e  is  a  electron  charge,  E  is  a  electric  field 
strength,  T  is  a  gas  temperature,  u  is  a  electron  energy. 

It  is  very  easy  to  extend  equation  (3.10)  for  a  gas  mixture: 


/rmA1/2  dfo 
V  2  e  )  dt 


+ 


E2  d 

Tdu,u 

2 mkT  d 
Me  du 


-i-i 


£*wi» 

L  k 


dfo 

du 


+2ral)("2 


V''  ^[hOm 

l  r  Mk 


fo  + 


u 


2  NkQrn] 


Mk 


du 


+ 


+  ££[(«  ^jk)^0kQj  (u  +  Ujfc)  ufo  (u)  NftfcQj^u)^  + 

3  k 

+  EE[(»  -  Ujk)fo(u  -  Ujk)NjkQk_j{u  -  ujk)  -  ufoivfNjkQ^iu)] 

j  k 

(3.12) 


where  Nk  is  a  density  of  particles  of  k  sort,  Mk  is  a  mass  of  every  particle,  Q^,  Qk,  Qk_  • 
is  a  cross  section  of  elastic,  nonelastic  and  superelastic  collisions  of  particles  of  k  sort 
correspondingly;  Njk  is  a  number  of  molecules  of  kind  k,  which  are  in  the  excited  state  j, 
and  Ujk  is  an  energy  of  this  state. 
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(3.13) 


In  such  a  case  fi  value  may  be  expressed  through  a  /0: 

fi  =  eE(df0/dv)/rnNvQm 

3.1.2  Boltzmann  equation  for  an  electron  energy  distribution 
function  in  strong  electric  fields 

In  strong  nonuniform  in  space  electric  fields  expression  (3.12)  is  not  correct.  There  are  two 
reasons  for  this  fact:  first,  the  change  of  electron  energy  distribution  function  (EEDF)  in 
the  given  point  of  space  because  of  electron  transfer  (term  v-  V/  in  equation  (3.8))  becomes 
significant.  Then,  the  condition  for  the  expansion  f(x,v,t)  (equation  (3.9)),  fi  <C  fo  is 
failed  with  an  increase  of  electron  average  energy;  nonelastic  collision  frequency  becomes 
comparable  or  even  higher  than  transport  collision  frequency. 

Thus,  for  the  description  of  pulsed  discharges  at  high  overvoltage  a  two-term  approxi¬ 
mation  of  the  Boltzmann  equation  (3.9),  (3.12),  (3.13)  which  is  suitable  for  different  types 
of  gas  discharge  may  be  used  with  a  number  of  qualifications  only. 

In  the  most  general  case  to  model  a  development  of  the  fast  ionization  wave  it  is 
necessary  to  solve  nonuniform  in  space  Boltzmann  equation  (3.8).  This  leads  to  the 
significant  expenses  in  processor  time  due  to  increasing  task  dimension.  Furthermore,  in 
contrast  to  system  of  equations  (3.9),  (3.12),  (3.13),  the  solution  of  equation  (3.8)  requires 
differential,  and  not  integral  cross-sections  of  all  the  processes  with  electrons.  It  should  be 
noted  that  such  a  cross-sections  are  available  for  very  restricted  number  of  gases,  which 
leads  to  some  limitations  on  the  direct  modelling  of  the  discharge  using  equation  (3.8). 

Data  on  differential  scattering  cross-section  for  nitrogen  and  algorithm  of  the  solu¬ 
tion  of  Boltzmann  equation  in  the  non-stationary  space-nonequilibrium  case  of  discharge 
development  at  high  overvoltage  will  be  given  below. 

Analytical  approximations  to  differential  scattering  cross  sections  for  electrons 

We  use  a  modified  Coulomb  scattering  formula  to  approximate  the  angular  distributions 
of  scattered  electrons  as  proposed  in  [119].  The  reason  for  the  modification  is  to  allow  for 
the  fitting  to  data  that  is  predominantly  backward  scattering,  e.g.,  O2  at  low  energies, 
and  yet  go  over  to  the  conventional  form  in  the  limit  of  predominantly  forward  scattering 
at  high  energies. 

The  modified  differential  scattering  cross  section  7(0,  /?,  u)  is  assumed  to  be 

I  =  A*  (1  —  (1  —  2  * (3(u)  *  [cos(0)]_2  (3-14) 

where  0  is  the  scattering  angle,  /3  is  the  ’’modified  screening  parameter”  and  is  a  function 
of  the  electron  energy,  and  u  is  the  electron  energy.  Here  A  is  the  conventional  magnitude 
factor  for  Coulomb  scattering  and  is  a  function  of  electron  energy  only.  In  the  limits  of 
small  0  and  of  large  electron  energies  this  has  the  same  form  as  for  conventional  screened 
Coulomb  scattering  with  /?  as  the  screening  parameter. 

Integration  yields  the  total  cross  section  Qt : 

Qt  =  -((A  *n)/((-l  +  /?)*/?));  (3.15) 

and  the  momentum  transfer  cross  section  Qm 
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Qm  =  (2  *H*  (A  —  2  *  A  *  j3  —  A*  ln(2  —  2  *  0)  + 

+  A*  0  *  ln(2  —  2*  0)  +  A*  ln(2  *  0)  — 

-  A*0*  \n(2*  0))/((-l  + 0)  *  (-1  +  2*  0)2)  (3.16) 

so  that  the  ratio  of  cross  sections  is 


Qm/Qt  =  (2*0*  (—1  +  2*0  + 

+  ln(2  -2*  0)-0*  ln(2  -2*0)- 
-  ln(2  *  beta)  +  0*  ln(2  *0)))/ 

(-1  +  2  */?)2;  (3.17) 

The  differential  scattering  cross  sections  normalized  to  the  total  cross  section  is 

Inarm  =  1(9,  0)/Qt(0)  (3.18) 

so  that  probability  of  scattering  through  an  angle  less  than  0O  is 

Qtprob  =  04*n-.A*n*  cos(©o))/ (0*(1-  cos(©o)  +  2  *  P  *  cos(©0)));  (3.19) 

For  Theta0  =  II  this  is  Qt  as  expected.  For  the  given  Qtprob  value  0  <  Qtprob  <  Qt  one 
can  find  the  scattering  angle  @0: 


©o  =  arccos((l  -p-  Qtprob)/(  1  -0-  Qtprob  +  2*0*  Qtprob) ]  (3.20) 

As  in  [119]  this  approach  only  attempt  to  fit  the  experimental  angular  distributions 
at  energies  for  which  the  particular  scattering  cross  section  is  important  to  the  solution 
of  the  electron  Boltzmann  equation. 

The  empirical  expressions  used  for  the  lowest  two  spherical  harmonic  components  of 
the  angular  scattering  are  taken  from  Table  I  of  [119].  The  magnitudes  of  cross-sections 
for  elastic  scattering  and  for  the  various  inelastic  scattering  processes  will  be  discussed 
later. 

•  Elastic  scattering  of  electrons  by  N2  (Qo  =  Qt  everywhere): 


Qi/Qo  =  —0.2  *  u1/2/ (0.025 +w1/2)  + 1.2  *  (16  *  u1^2 +u)/ (100  + 16  *  u1^2 + u);  (3.21) 


Qm/Qo  —  1  —  Qi/Qo ; 

(3.22) 

0  =  0.6/(l  +  (u/500)1/2  +  (u/200)1'01)0'99; 

(3.23) 
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•  Resonant  vibrational  excitation: 

Since  the  scattering  is  roughly  isotropic: 


/?  =  0.5 

•  Lower  triplet  states  —  A3E+,  B3Ug,  and  W3 Au: 

(3.24) 

Qi/Qo  =  — u2/(1500  +  u2)] 

(3.25) 

Qm/Qo  —  1  —  Ql/Qo'i 

(3.26) 

(3  =  0.5  *  (1  +  (w/200)2)/(1  +  («/ 282)2); 

•  Upper  triplet  state  —  C3liu: 

(3.27) 

Qi/Qo  =  —0.2; 

(3.28) 

Qm/Qo  =  1  —  Q\/Qo'i 

(3.29) 

(3  =  0.647; 

(3.30) 

•  Lower  singlet  state  —  a1^: 

Qx/Qo  =  (200000  +  160  *u2  +  u4)/(200000  +  2600  *u2  +  u4);  (3.31) 

Qm/Qo  =  1  -  Qi/Qq]  (3.32) 

(3  =  0.4  *  (w/150)2/(1  +  (w/300)2  +  (u/220)4);  (3.33) 

•  Sum  of  singlets: 

Qx/Qo  =  u2/ (2500  +  u2)]  (3.34) 

Qm/Qo  =  1  -  Qi/Qo-,  (3.35) 

f3  =  0.5/ (1  +  (u/370)2'5);  (3.36) 


The  differential  cross  sections  with  the  more  detailed  angular  distributions  [120,  121] 
can  be  used  in  such  a  calculations  as  well.  A  similar  approximation  was  made  for  N2  in 
[122]. 
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Cross  sections.  N2  -  electron  collisions 


Cross  sections  used  in  this  work  are  based  on  those  used  in  [119,  123]. 

It  has  been  pointed  out  by  several  authors  that  the  vibrational  excitation  cross  sec¬ 
tions  tabulated  in  [119,  123]  (based  on  Schulz)  should  be  updated  on  the  basis  of  later 
beam  experiments.  However,  authors  of  [119]  find  good  agreement  with  six  different  ex¬ 
perimental  transport  and  rate  coefficients  using  these  cross  sections.  These  coefficients 
are  drift  velocity,  characteristic  energy,  ionization,  metastable  (A3£+)  excitation,  (73nu 
excitation,  and  N2  heating  at  E/n  <  40  Td  via  rotational  excitation  and  anharmonic 
relaxation  of  vibrational  excitation.  They  therefore  believe  one  would  have  to  have  a  very 
strong  reason  before  making  any  significant  change  in  these  cross  sections.  For  example, 
a  preliminary  investigation  (Haddad  and  Phelps,  unpublished)  suggests  that  the  changes 
in  cross  sections  accompanying  the  use  of  a  multiterm  spherical  harmonic  code  are  small. 
As  a  second  example,  Hadded  and  Phelps  found  that  the  resonance  in  the  rotational 
excitation  cross  section  found  theoretically  by  Onda  and  included  in  the  cross  sections 
recommended  in  [124]  is  inconsistent  with  swarm  data  and  should  be  ignored. 

In  the  present  work  we  used  a  set  of  cross-section  which  describes  following  processes: 
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Figure  3.2:  Transport  cross-sections  and  excitation  of  rotational  levels 
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Cross  Section,  10 


1.  Elastic  scattering  (Fig. 3. 2) 

2.  Rotational  levels  excitation  (Fig.3.2)  (the  energy  loss  is  A E  =  0.02  eV) 

3. .  An  excitation  of  vibrational  levels  (Fig.3.3) 

•  v'  =  1,  A E  =  0.29  eV 

•  v'  =  2,  AE  -  0.59  eV 

•  v'  =  3,  AE  =  0.88  eV 

•  v'  =  4,  AE  —  1.17  eV 

•  v'  =  5,  AE  =  1.47  eV 

•  v'  =  6,  A E  =  1.76  eV 

•  v'  =  7,  AE  =  2.06  eV 

•  v'  =  8,  AE  =  2.35  eV 

4.  An  excitation  of  electronic  states  (Fig.3.4) 

•  A3 E+,  u  =  0, 4,  AE  =  6.17  eV 

•  A3E+,  v  =  5  -  9,  AE  =  7.00  eV 

•  A3 E+,  v  >  10,  AE  =  7.80  eV 

•  BsUg  AE  =  7.35  eV 

•  W3AU  AE  =  7.36  eV 

•  B'3 E-  AE  =  8.16  eV 

•  a^E-,  AE  =  8.40  eV 

•  0%,  AE  =  8.55  eV 

•  w1Au,  AE  =  8.89  eV 

•  C3nu,  AE  =  11.03  eV 

•  E3E+,  AE  =  11.88  eV 

•  owlE,  AE  =  12.25  eV 

•  Rydberg ,  AE  =  12.487  eV 

5.  Dissociation  and  ionization  by  an  electron  impact  (fig.3.5) 

•  N(45°)  +  N(45°),  AE  =  9.76  eV 

•  Nt,  AE  =  15.60  eV 

•  N£(E2E+),  AE  =  18.80  eV 

To  calculate  a  fraction  of  electron  kinetic  energy  AE  which  is  lost  in  elastic  electron- 
molecular  scattering  let  us  consider  a  kinetics  of  the  collision  [117].  Energy  and  impulse 
conservation  laws  for  a  molecule  of  mass  M  and  an  electron  of  initial  velocities  v  and  V 
and  final  velocities  v1  and  V'  correspondingly  may  be  written  in  a  form: 
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(3.37) 


\mv2  +  \mV 2  =  \ mv 12  +  \mV'2 
z  2  2  2 

mv  +  MV  =  mv'  +  MV' 

A  vector  V  may  be  resolved  into  two  components:  one  of  them  is  directed  along  the 
vector  v,  and  another  one  is  in  perpendicular  direction,  that  is 


V  =  av  +  b  (3.39) 


Figure  3.6:  Velocity  diagram  for  the  electron-molecular  collision 


Then  for  the  value  of  energy  loss  during  a  collisions  it  may  be  derived  that: 
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2m 

lm? 


b  •  v' 


-  -M(a?v2  +  b2)  = 
z 


=  ^-rr(v2  +  v12  —  2v  •  v')  +  ma(v2  —  v  •  v')  —  mb  ■  v' 
2  M v  '  v  ' 


(3.40) 


Because  of  dramatic  difference  in  the  masses  of  electron  and  molecule  v'  ~  v  is  correct 
and  (3.40)  may  be  transformed  as 


A E  =  +  mv  ’  (1  ~  cos(@))  —  mbv  cos(u>)  (3-41) 

where  ©  is  an  angle  of  the  electron  scattering  and  u>  is  an  angle  between  the  vectors  b  and 


v. 


In  a  case  when  molecule  motion  is  negligible  (that  is  there  is  no  energy  transfer  from 
molecules  to  electrons)  an  expression  (3.41)  takes  especially  simple  form: 


AE  =  JIv2(1  ~  cos(0)) 


(3.42) 


3.2  Numerical  model 

In  the  present  work  a  new  numerical  code  is  developed  for  a  modelling  of  the  discharge  in 
the  form  of  the  fast  ionization  wave.  The  code  is  based  on  the  solution  of  non-stationary 
Boltzmann  equation. 

The  equation  which  gives  the  EEDF  dynamics  in  the  fixed  point  of  the  phase  space 
was  described  above  (3.8).  The  method  of  separation  on  physical  processes  is  used  in  the 
present  work  to  solve  this  equation. 

To  obtain  the  solution  f(x,  v,  t )  at  the  next  time  step  if  =  t  +  St  following  equations 
were  solved  sequentially: 


and 


df 

dt 

w 

dt 


-v-Vf 


(3.43) 

(3.44) 


S/  =  MA 
dt  \St  J 

\  /  c 


(3.45) 


Then  the  solution  at  every  time  moment  if  =  t  +  St  may  be  then-  represented  as  a 
following  sequence: 


fit  +  St)  —  L^L^Lxfit)  (3.46) 

where  L\  is  an  operator  which  describes  an  energy  exchange  between  an  electric  field  and 
electrons,  L2  is  an  operator  which  describes  electron  motion  in  the  physical  space;  and  L3 
is  an  operator  which  describes  an  appearance  and  motion  of  electrons  in  a  velocity  space 
during  their  collisions  with  molecules. 
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The  equations  (3.43,  3.44)  were  solved  numerically  using  implicit  final  difference 
schemes  which  approximate  initial  equations  to  order  At  and  (Aar)2.  On  every  step  an 
energy  conservation  (taking  into  account  a  heating  on  a  step  Li)  and  a  conservation  of  a 
total  number  of  electrons  was  controlled.  Transport  equations  were  solved  separately  for 
every  point  of  electron  impulse  phase  space.  At  this  case  the  non-local  effects  connected 
with  a  fast  transfer  of  high-energy  electrons  in  the  physical  space  are  taken  properly  into 
account. 

On  the  step  L3  a  variation  of  the  electron  energy  distribution  function  in  the  collisions 
is  calculated  using  the  Monte-Carlo  technique.  At  that  on  the  current  time  step  the 
probability  of  this  collision  is  defined  as  a  result  of  a  comparison  of  random  generator 
number  and  “segment  of  events”  of  the  type  of  “elastic  collision” . . .  “nonelastic  collision 
of  type  1”. . .  “nonelastic  collision  of  type  2”. . .  “ionization”. . .  “NO  COLLISIONS”. 

The  probability  of  an  electron  scattering  during  time  interval  St  in  a  process  of  j  - 
type  at  in  collision  with  a  molecule  of  k  -type  is  calculated  from  the  equation: 

Pj  =  ve<jj(ve)NkSt  (3.47) 

Every  step  the  criterion  £  Pf  =  P^n  <  1  is  controlled.  Therefore  the  probability  for 

electron  to  move  without  collisions  during  a  time  interval  St  is  equal  P/ree  =  1  —  Poll. 

Different  probabilities  of  electron  scattering  on  different  angles  with  respect  to  initial 
velocity  vector  depending  upon  impacting  electron  energy  were  taken  into  account  for  all 
processes  except  a  direct  ionization  by  an  electron  impact  (see  discussion  above). 

Let  the  scattering  took  place  in  the  event  of  i  -  type.  Angle  distribution  of  the 
scattered  electron  in  the  scattering  plane  0  is  defined  by  a  probability  density  7(0) /Q. 
Another  angle  distribution  (0)  was  assumed  to  be  uniform  in  all  the  cases. 

To  calculate  final  velocities  let  go  over  into  coordinate  system,  in  which  a  vector  of 
initial  electron  velocity  has  the  only  component  along  an  X  -  axis  direction: 

(*i\  (Tn  Tn  T21\  fl\ 

I  v2  1  =  1  T2i  Tn  Tzi  I  I  0  I  •  vq  (3.48) 

\vzj  \T3 1  Tn  Tn)  \o) 

In  this  coordinate  system  the  rotation  of  vector  coordinates  (1, 0, 0)  on  angles  0  and 
(j>  leeds  to  the  following  rearrangement  of  equations: 

(  ux\  /  cos(0)  \ 

\  u2  =  sin(0)  cos (<t>)  ■  vo  (3.49) 

\  u3  J  \  sin(0)  sin(0)  / 

and  finally  in  initial  coordinate  system  we  have: 

/  vi  \  /  Vi  v3  v2  \  /  cos(0)  \ 

u'  =  u2  vi  v3  •  sin(0)cos(0)  I  (3.50) 

\  v3  /  \v3  v2  v i  J  \  sin(0)sin(0)  / 

Taking  into  account  energy  losses  in  collisions  A E  we  shall  obtain  for  the  components 
of  the  velocity  of  a  scattered  electron: 
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(3.51) 


•  ^1.0  —  AJ sJe 


This  defines  new  position  of  the  velocity  vector  in  a  phase  space  and  a  certain  part 
of  electrons  0  <  a  <  1  moves  from  the  initial  phase-space  cell  to  the  appropriate  one. 
Simultaneously  a  collision  probability  increases  in  1/a  times.  Such  an  organization  of 
calculations  provides  a  tolerance,  a  positivity  and  a  monotony  of  a  solution  at  time  in¬ 
tervals  of  the  order  of  r  >  10ro  where  To  is  a  free  path  time.  Prom  the  other  hand  it 
gives  a  considerable  gain  in  calculation  time  in  comparison  with  a  precise  solution  of  the 
Boltzmann  equation. 

For  a  direct  ionization  a  dependence  of  differential  ionization  cross-section  vs  energy 
of  the  secondary  electron  has  been  taken  into  account;  secondary  electron  velocity  dis¬ 
tribution  has  been  assumed  isotropic  in  space.  Probability  of  appearance  of  secondary 
electron  of  energy  u2  hi  the  process  of  ionizing  collision  with  primary  electron  of  energy 
«i  is  defined  as  [125]: 


PUl, U2  =  ((1.0  +  (u2)2/169.0)  •  (13.0atan((«i  -  Au)/26.0)))  1  (3.52) 

where  A u  =  u2+15.6  is  an  energetic  threshold  of  an  ionization  process  with  an  appearance 
of  electron  of  energy  u2. 


3.3  Results 

3.3.1  OD  calculations 

As  a  first  step  OD-calculations  have  been  performed.  They  do  not  allow  to  reveal  the 
role  of  space  non-uniformity  effects  and  the  influence  of  these  effects  on  the  EEDF  and 
on  the  rates  of  molecule  excitation  by  an  electron  impact.  From  the  other  hand  such  an 
approach  gives  a  scale  of  both  non-stationary  effects  connected  with  a  final  time  of  the 
EEDF  relaxation  and  deviation  of  rates  of  electron  -  molecular  processes  from  equilibrium. 

Calculations  have  been  performed  for  the  conditions  of  experiments  described  in  this 
Report.  In  Figure  3.7  typical  data  on  the  electric  field  dynamics,  population  rates  of 
N2'(B2Eu  =  0)  and  N2(C,3ntl,v  =  0)  states  and  appropriate  densities  in  the  front  of  a 
fast  ionization  wave  are  represented. 

Electric  field  strength  in  a  volume  at  OD  -  calculations  was  specified  from  the  exper¬ 
imental  data;  an  initial  electron  density  was  taken  to  be  =  108  cm"3.  Nonuniform 
mesh  in  velocity  space  was  used;  moreover,  a  position  of  the  cell  center  in  velocity  space 
depends  quadratically  in  its  number. 

Such  a  distribution  of  mesh  nodes  allowed  to  compensate  low  density  of  energetic 
states  (which  increases  as  v3  in  a  velocity  space)  at  low  energies  and  to  provide  a  good 
energy  resolution  in  a  region  of  nonelastic  processes  threshold.  Total  amount  of  mesh 
nodes  was  N  =  80  x  80  x  80,  minimal  velocity  step  was  taken  to  be  Av  =  1.0  x  104  m/s 
(this  value  corresponds  to  an  energetic  resolution  Ae  =  1.4  x  10~4  eV). 

Results  obtained  are  represented  in  Figures  3.8,  3.9,  3.11,  3.10. 

In  Figure  3.8  the  dynamics  of  reduced  electric  field,  electron  density,  average  velocity  of 
electrons  and  their  energy  in  nitrogen  at  a  pressure  4  Torr  axe  shown.  The  reduced  electric 
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Structure 


Figure  3.7:  Breakdown  structure:  1,2  —  electric  field;  3  —  [Rj" (£?2X!+,t/ 
v  =  0)];  5  —  population  rate  of  the  electronic  state  N2(C'3ntt,  v 
population  rate  of  the  electronic  state  ,  v  =  0).  Experimental  data. 
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Figure  3.8:  Electric  field  E,  electron  density  ne,  velocity  of  directed  motion  v,  mean 
electron  energy  e  and  energy  £<i  corresponding  to  velocity  v,  calculated  in  OD  model. 


field  dependence  vs  time  is  taken  from  experiments  (Fig.3.7).  In  a  whole  experimental 
dependencies  are  well  represented  by  the  calculated  dynamics  of  electron  density:  the 
required  electron  concentration  as  well  as  electron  level  population  take  place  behind  the 
FIW  front  in  residual  fields. 

Slow  change  of  the  reduced  electric  field  behind  the  wave  front  lead  to  the  fact  that 
average  energy  and  average  velocity  of  electrons  in  this  region  practically  coincide  with 
those  calculated  using  two-term  approximation  of  the  Boltzmann  equation  (Fig. 3. 8).  This 
may  be  explained  by  relatively  fast  relaxation  of  the  swarm  parameters  of  electrons;  the 
rate  of  the  relaxation  exceeds  significantly  the  rate  of  change  in  the  reduced  electric  field. 

On  the  contrary,  in  the  region  of  electric  field  peak,  which  corresponds  to  the  FIW 
front,  the  average  electric  energy  changes  with  a  characteristic  time  delay  St  ~  0.5  ns  with 
respect  to  the  electric  field. 


Time,  s 


Figure  3.9:  Typical  behavior  of  an  electron  energy  distribution  function.  0D  model. 
P  =  4  Torr.  Nitrogen. 


Typical  electron  energy  distribution  function  is  represented  in  Fig.  3.9.  All  the  stages 
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of  the  EEDF  formation  are  clearly  seen.  First  of  all  the  heating  of  an  electron  ensemble 
and  population  wave  propagation  take  place  at  the  time  interval  r  <  3  ns.  Then  energy 
of  electrons  reaches  value  enough  for  the  gas  ionization.  High  reduced  electric  fields  in 
the  wave  front  cause  strong  electron  heating  up  to  the  time  r  ^  5  ns.  EEDF  relaxation 
with  E/n  decrease  is  accompanied  by  continued  gas  ionization;  and  degradation  spectrum 
of  the  secondary  electrons  governs  the  EEDF  shape  practically  all  the  time  of  the  high- 
voltage  pulse. 


Energy,  eV 


Figure  3.10:  EEDF  calculated  in  0D  model  for  different  time  moments  (marked  with 
numbers,  ns,  near  the  curves).  Curves  fB  and  fMC  give  a  comparison  of  the  stationary 
solution  of  Boltzmann  equation  in  two-term  approximation  and  Monte-Carlo  solution. 


The  influence  of  the  finite  EEDF  relaxation  rate  in  the  high-energy  region  on  the 
shape  of  electron  energy  distribution  function  is  demonstrated  in  Fig.3.10.  Two  electron 
distributions  are  represented  in  this  Figure  at  the  same  time  moment:  the  first  one  is 
calculated  using  the  Monte-Carlo  technique,  and  another  one  is  calculated  in  frames  of 
the  two- term  approximation  of  the  Boltzmann  equation. 

It  is  clearly  seen  that  functions  coincide  with  each  other  at  energies  less  than  10  eV  and 
differ  significantly  at  higher  energies.  Such  a  difference  and  an  enrichment  of  high-energy 
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“tail”  of  the  electron  energy  distribution  function  connected  with  a  relatively  slow  EEDF 
relaxation.  At  fast  decrease  of  the  electric  field  value  behind  the  FIW  front  a  high-energy 
part  of  the  distribution  function  loss  an  equilibrium  with  the  electric  field  (Fig.3.10). 

From  the  point  of  view  of  the  elementary  processes  in  the  breakdown  front  and  in  its 
close  vicinity  nonstationary  effects  lead  to  the  significant  deviation  of  excitation,  dissoci¬ 
ation  and  ionization  rates  from  the  equilibrium.  So,  Fig.3.11  represents  a  comparison  of 
rates  of  excitation  of  CzIiu  state  of  nitrogen  and  B2Y,g  state  of  ion  calculated  with 
Monte-Carlo  technique  and  in  the  two-term  approximation  of  the  Boltzmann  equation. 
In  the  breakdown  front  the  excitation  rates  less  than  the  rates  obtained  in  the  two-term 
approximation  because  of  finite  EEDF  relaxation  time.  From  the  other  hand,  in  a  region 
of  a  field  decrease  these  rates  exceed  “two-terms”  values  during  all  the  time  of  discharge 
development. 
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Figure  3.11:  Comparison  of  total  ionization  and  excitation  rates.  Points  —  calculations 
according  to  OD  Monte-Carlo  model,  solid  lines  —  stationary  solution  of  two-term  ap¬ 
proximation  of  Boltzmann  equation.  At  starting  point  E/n  =  250  Td. 
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3.3.2  ID  calculations 

A  possibility  to  analyze  the  development  of  the  fast  ionization  wave  structure  and  the  role 
of  non-local  effects,  connected  with  “run-away”  electrons  arising  in  the  breakdown  front 
appears  in  the  case  of  ID  -  calculations.  Conditions  in  the  velocity  space  were  the  same 
as  in  OD  model.  Distribution  of  the  parameters  in  a  physical  space  was  calculated  on  a 
mesh,  which  contained  20  cell  of  size  Ax  =  2  cm. 

The  results  of  calculations  of  the  initial  stage  of  the  FIW  development  -  from  the 
moment  when  the  electric  field  becomes  increase  (see  Fig.3.12)  up  to  the  moment  of  the 
FIW  start  -  are  represented  in  the  Figures  3.13,  3.14,  3.15,  3.16.  At  this  moment  the 
motion  of  the  point  which  characterizes  a  maximum  of  average  electron  energy  along  a 
discharge  gap  begins. 

The  dynamics  of  the  EEDF  at  a  distance  4  cm  from  the  high-voltage  electrode  is 
represented  in  Fig.3.13.  First  of  all  relatively  low-energy  electrons  come  to  this  point. 
This  causes  by  a  low  reduced  electric  fields  on  an  initial  stage  of  the  discharge  development 
and,  consequently,  by  low  values  of  average  electron  energy  and  weak  EEDF  anisothropy. 

An  increase  in  electric  field  strength  heats  an  electron  ensemble  and  provide  a  transi¬ 
tion  of  part  of  electrons  to  the  “run-away”  regime.  These  fast  electrons  cause  an  active 
preionization  before  the  wave  front.  Secondary  electrons  have  relatively  low  energies  and 
zero  average  velocity.  This  leads  to  a  some  decrease  of  average  energy  and  velocity  of 
electrons  before  the  front  in  comparison  with  maximal  possible  values  (emoa;  ~  2Uo).  At 
the  same  time  electron  energy  and  velocity  of  directed  motion  before  the  front  exceed  the 
same  parameters  in  the  front  significantly. 

Figures  3.14,  3.15  and  3.16  demonstrate  clearly  nonequilibrium  and  nonlocal  character 
of  the  EEDF.  They  represent  the  average  velocity  of  electrons,  their  average  energy  and 
electron  energy  distribution  function  vs  distance  from  the  high-voltage  electrode  at  a  time 
moment  r  =  6  ns. 

The  heating  of  a  EEDF  leads  to  an  appearance  of  high-energy  electrons  flow  before 
the  wave  front  (Fig.3.14).  Their  average  energy  reach  value  of  1  keV.  Electron  energy  in  a 
wave  front  comprises  110-150  eV  and  slow  decreases  with  a  distance  from  the  high-voltage 
electrode. 

The  electron  energy  distribution  function  at  a  large  distances  before  the  wave  front 
becomes  enriched  significantly  in  the  region  of  high  energies.  It  looks  like  a  so  called 
“degradation  spectrum”,  which  is  typical  for  the  relaxation  of  an  electron  beam  in  the 
atmosphere  (Fig.3.16). 
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Figure  3.13:  Electron  energy  distribution  function  ne,  calculated  at  the  point  x  =  4  cm 
from  high-voltage  electrode  with  ID  3V  Monte-Carlo  model.  N2,  p  =  4  Torr. 
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Figure  3.15:  Average  electron  velocity  V  upon  the  time  and  coordinate.  ID  Monte-Carlo 
model.  Vwave  =  4  x  107  m/s.  N2,  p  =  4  Torr. 


52 


Figure  3.16:  Electron  energy  distribution  function  vs  coordinate  at  the  time  moment 
t  =  6  ns;  ID  Monte-Carlo  model. 
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esu  ts  of  calculation  for  the  fast  ionization  propagation  in  nitrogen  in  a  real  experi- 
men  a  geometry  (internal  screen  radius  is  3.0  cm,  internal  radius  of  a  discharge  tube  is 
.  cm,  external  one  is  1.07  cm,  dielectric  constant  value  for  a  glass  is  4.9,  high  voltage 

ktnnh  P  m  a  traf  Sf ittance  cable  is  -13-b  kV,  wave  resistance  of  a  transmission  line 
m)  have  proved  that  near  the  ionization  wave  front  electron  energy  distribution 
is  characterized  by  a  significant  enrichment  with  high-energy  electrons.  These  electrons 
propagation  along  a  discharge  gap,  which  is  restricted  mainly  by  their  leaving  from  a 
isc  arge  volume  on  the  walls,  provide  the  carry-over  of  the  non-compensated  charge  and 
lead  to  an  intensive  gas  pre-ionization  behind  the  wave  front.  At  the  high  field  region 
front  the  electron  energy  distribution  is  close  to  the  beam-type  one  with  a  predominance 
of  high  energy  runaway  electrons. 

frnrTlrt!lTuele.Ct?n  producti°n  takes  Place  under  strong  electric  fields  in  the  breakdown 
ont  and  the  electron  energy  distribution  function  slowly  comes  to  Maxwellian  one.  Sharp 

electron6  ^  ^  field  bebmd  a  breakdown  front  causes  a  slow  decrease  both  in  an 

mrr°  87  direCted  velocity  of  electrons;  at  the  same  time,  the  electron  density 

The  energy  distribution  in  a  region  of  relatively  low  electric  fields  far  from  the  break¬ 
down  front  acquires  a  typical  non-Maxwellian  form  with  a  sharp  decrease  in  the  energy 
range  which  corresponds  to  the  thresholds  of  non-elastic  processes. 

in  fh  US’  the  rffults  of  the  calculations  1)  show  a  governing  role  of  the  non-local  effects 

,Wnf  fr,0irS  n  °f1PUlSed  dlScharSes  at  hiSh  overvoltage;  2)  together  with  the  exper- 
imental  data  on  population  rates  for  high-energy  emitting  electron  states  may  be  useful 
to  develop  a  model  of  the  energy  branching  in  such  a  discharges. 

v,>i'n™tr°n  6nerSy  disutrib^ion  Auction  is  governed  by  high-energy  electrons  in  the 
vicinity  of  the  nanosecond  breakdown  front. 

-The  low-energy  part  of  the  EEDF  in  relatively  low  fields  is  close  to  the  solution  of 
stationary  two-term  approximation  of  Boltzmann  equation  at  the  appropriate  electric 


the 


-Relaxation  of  the  high-energy  part  of  the  EEDF  leads  to  the  significant  differences 
rates  of  electron-impact  processes  near  the  fast  ionization  wave  front. 


in 
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Part  III 

Experimental  investigations  of 
plasma-chemical  processes  in  the  fast 

ionization  wave 
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Chapter  4 

Oxidation  of  molecular  hydrogen  by 
pulsed  electric  discharge  in  H2-air 
mixture. 


The  key  question  for  the  investigation  of  ignition  in  the  nonequilibrium  conditions  is  the 
correlation  between  different  processes  on  the  stage  of  initiation.  The  relative  importance 
of  electronic  (vibrational)  levels  excitation,  dissociation  and  ionization  of  molecules  is 
under  consideration  [30,  31]. 

To  understand  the  main  processes  on  the  stage  of  ignition  initiation  in  the  pressure 
range  1  —  8  Torr  at  a  room  temperature  the  process  of  oxidation  of  molecular  hydrogen 
in  the  mixture  H2-C>2-N2=  0.296  :  0.148  :  0.556  under  the  action  of  pulsed  nanosecond 
discharge  is  investigated.  On  a  base  of  a  comparison  of  experimental  data  and  results  of 
calculations  the  analysis  of  plasmachemical  kinetics  processes  in  the  system  is  performed. 


4.1  Experimental  setup 

Discharge  section  is  made  of  quartz  tube  20  cm  in  length  and  47  mm  in  diameter  with 
flat  high-voltage  and  ring  low-voltage  electrodes.  In  the  low-voltage  electrode  there  is  an 
optical  window  from  CaF2  (0,16-1,1  fim).  A  nanosecond  discharge  is  initiated  by  negative 
polarity  pulses  with  \Ugen\  =  13  kV  amplitude,  25  ns  duration  on  a  half-height  and  2  ns 
rise  time. 

The  discharge  tube  was  pumped  through  the  hole  in  the  low-voltage  electrode  to  the 
pressure  2  x  10-3  Torr,  controlled  by  a  thermocouple  gauge  PMT-2,  and  filled  by  an 
investigated  mixture.  The  pressure  was  controlled  by  a  pressure  gauge  6MDx4S  and  a 
U-tube  oil  manometer. 

The  pulse  shape  and  amplitude  control  was  realized  by  the  low-inductive  broad-band 
calibrated  back  current  shunt  included  into  the  cable  shield  break.  The  length  of  coaxial 
cable  was  chosen  long  enough  to  separate  first  pulse  created  by  the  generator  and  the 
same  pulse  reflected  from  the  discharge  tube  due  to  the  different  impedances  of  the  cable 
and  the  discharge  chamber.  The  current  shunt  was  previously  calibrated  with  the  signal 
from  the  11-7  pulsed  generator  (100  V  amplitude,  30  ns  duration,  2  ns  rise  time). 

The  radiation  from  plasma  was  recorded  on  the  accumulation  mode  from  the  end 
plate  of  the  discharge  tube  (MDR-23, 1.2  nm/mm,  1.2  m,  1200  unit/mm)  with  resolution 
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up  to  0.6  A.  The  registration  scheme  included  monochromator  MDR-23,  photomultiplier 
FEY-100,  RC-integration  circuit  and  digital  oscilloscope  S9-8  coupled  with  a  computer. 
The  time  constant  of  the  integrating  circuit  made  up  0.25s  and  provided  operations  with 
the  high  spectral  resolution  at  a  low  noise  level. 

To  obtain  absolute  spectral  characteristics  the  optical  system  was  calibrated  with 
the  use  of  light  sources  with  known  absolute  radiation  densities  (DDS-30  and  TPY-1100 
calibrated). 


4.2  Measured  parameters 

4.2.1  Absolute  H2(a3E+  — >•  63E+)  emission 

Under  conditions  of  our  experiments  in  low  ultraviolet  and  visible  bands  the  continuous 
spectrum  is  predominant  in  the  discharge  radiation  (  H2(a3E+  ->  63E+)  transition). 

A  temporary  behavior  of  concentration  of  H2  in  the  ground  state  has  been  recalculated 
from  the  registration  of  absolute  intensity  of  this  transition  on  the  wavelength  A  =  239 
nm  with  a  spectral  resolution  AA  =  0.24  nm. 

Total  intensity  of  the  transition  and,  consequently,  the  concentration  of  molecular 
hydrogen  in  a3 E+  -  state  were  determined  on  the  basis  of  registered  in  [32]  distribution  of 
the  absolute  intensity  on  the  wavelengths  knowing  lifetime  of  the  molecule  and  quenching 
rate  constants. 

Time  of  half-relaxation  of  concentration  of  H2  molecules  in  the  a3E+  -  state  to  the 
quasistationary  state  is  plotted  in  Fig.  4.1.  When  ionization  wave  crosses  a  discharge  gap, 
at  time  moment  ri  ~  5  —  7  ns  a  phase  of  quasistationary  high-current  discharge  reaches. 
The  duration  of  this  stage,  where  a  general  excitation  of  internal  degrees  of  freedom  takes 
place  is  r2  ~  15  -  17  ns. 

Characteristic  times  of  hydrogen  conversion  oh  this  stage  are  r  =  15  —  30  s,  that  is  - 
600  —  1200  discharge  pulses.  It  should  be  noted  that  in  spite  of  the  long  summary  time 
of  process,  plasmachemical  reactions  after  each  pulse  last  10  —  20  ms.  This  fact  allow  to 
exclude  diffusion  processes  from  the  consideration. 

The  population  of  the  (H2  (a3E^))  level  takes  place  by  an  electron  impact  form  the 
ground  state  of  molecular  hydrogen: 

H2  +  e  -*•  H2(a3E+)  -I-  e  (4.1) 

due  both  to  a  mediocre  excitation  of  the  gas  during  a  current  pulse  and  to  a  relaxation  of 
electronic  states  between  the  pulses.  Then  the  radiation  intensity  of  H2(a3E+  ->  63E+) 
transition  is  proportional  to  molecular  hydrogen  concentration,  constant  rate  of  (4.1) 
process  and  electron  density. 

The  absolute  initial  concentration  of  excited  hydrogen  molecules  in  H2(a3E+)  -  state 
vs  gas  pressure  is  represented  in  Fig.  4.2.  The  concentration  of  excited  particles  lies  in 
the  range  3  —  7  x  10u  cm-3,  in  a  good  agreement  with  [27,  32]. 

4.2.2  Electric  pulse  current  and  voltage  measurements 

The  electron  density  and  reduced  electric  field  value  were  determined  from  the  current 
and  voltage  measurements  with  nanosecond  temporal  resolution. 
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Figure  4.1:  The  half  -  time  of  relaxation  of  the  a3E+  -  stage  to  a  quasistationary  state  in 
discharge  vs  pressure.  Hollow  symbols  -  experiments,  filled  ones  -  calculations. 


Electric  current  in  the  discharge  gap  may  be  obtained  as  a  sum  of  coming  and  reflected 
pulses  I  =  Igen  +  Iref.  The  reflected  from  the  discharge  section  pulse  consists  of  two 
different  in  sign  parts:  reflected  from  the  ionization  wave  front  and  propagated  with 
the  velocity  Vfr  =  3  109  cm/s  [7],  and  reflected  from  the  low- voltage  electrode  when  the 
breakdown  is  close  the  discharge  gap  Because  of  the  high  velocity  'of  the  wave  front 
the  Doppler  effect  should  be  taken  into  account: 

F'e-f(+\  _  1  +  P  Tref,(measur)  f  +  1  —  P  \ 

rf{t)~T —p1*  KT+p)’ 

where  (3  =  VJv/c  =  0.1,  c  -  light  velocity  in  vacuum. 

Coming  Igen  ( 1 ),  reflected  Iref  (2)  and  transmitted  I  (3)  current  pulses  are  represented 
in  Fig.  4.3.  Reflected  pulse  (2)  is  multiplied  by  (-1)  and  different  parts  of  this  pulse  are 


58 


P,  Tor 

Figure  4.2:  The  peak  concentration  of  molecular  hydrogen  in  H2(a3E^)  -  stage  vs  pressure. 
Hollow  symbols  -  experiments,  filled  ones  -  calculations. 

marked  with  a  thick  solid  (T^)and  dashed  lines.  In  the  same  figure  peak  current 

vs  pressure  is  represented.  It  is  obviously  seen  that  in  the  pressure  range  3  —  7  Torr  peak 
current  changes  from  I  =  300  A  at  P  =  3  Torr  to  I  =  155  A  at  P  =  7  Torr.  The  duration 
of  current  pulse  remains  equal  ~  16  ns  in  this  range  of  parameters. 
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Figure  4.3:  The  dependence  of  peak  current  upon  pressure  and  typical  oscillogramms  of 
coming  1,  reflected  2  and  transmitted  3  currents.  The  part  of  the  pulse,  reflected  from 
the  ionization  wave  front,  is  marked  with  a  thick  line. 
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Chapter  5 

N2O  decomposition  by  high-current 
nanosecond  electric  discharge. 


To  understand  the  main  processes  on  the  stage  of  ignition  initiation  of  hydrocarbon¬ 
bearing  fuels  it  is  important  to  investigate  the  electric  discharge  influence  on  the  large 
(threeatomic  and  polyatomic)  molecules  and  radicals. 

For  this  purposes  decomposition  of  simple  treeatomic  molecule  N20  has  been  studied 
in  the  afterglow  of  nanosecond  pulsed  discharge  developed  in  the  form  of  the  fast  ionization 
wave  (FIW)  in  the  pressure  range  1  —  8  Torr  at  a  room  temperature. 


5.1  Experimental 

The  experimental  installation  is  shown  in  Fig.5.1.  The  discharge  device  consists  of  quartz 
tube  of  length  l  =  200  mm  and  internal  diameter  of  47  mm  with  conical  high-voltage 
electrode  and  ringed  low- voltage  electrode  at  faces  made  of  aluminum.  To  output  radiation 
there  is  CaF2  window  in  the  low- voltage  electrode  that  is  shorted  to  a  grounded  shield  of 
the  supply  cable  with  the  help  of  eight  thick  brass  buses.  Impulses  of  negative  polarity 
voltage  of  amplitude  \Ugen\  =  13  kV,  25  ns  duration  at  half  maximum  of  the  amplitude 
and  2  ns  rise  time  were  fed  with  repetition  frequency  of  /  =  40  Hz  from  pulse  voltage 
generator  to  the  high-voltage  electrode  of  the  discharge  tube. 

The  discharge  tube  was  evacuated  through  a  hole  located  in  the  low-voltage  electrode 
by  a  vacuum  pump  to  2  x  10~3  Torr  pressure  which  was  monitored  by  thermocouple 
vacuumeter  PMT-2,  after  which  it  was  filled  with  the  N20  at  the  specified  pressure.  Gas 
pressure  was  controlled  by  the  MDx4S  pressure  gauge. 

The  amplitude  and  form  of  the  current  impulse  in  the  discharge  section  during  the 
ionization  wave  propagation  in  it  were  recorded  with  the  help  of  a  calibrated  broad  band 
back  current  shunt  which  was  built  in  braiding  of  the  supply  cable,  so  that  incident  and 
reflected  from  the  discharge  device  pulses  were  not  overlapped.  Signals  were  recorded  by 
digital  oscillograph  Tektronix  TDS  380.  The  shunt  was  calibrated  with  the  help  of  pulse 
generator  11-7  with  the  following  parameters:  impulse  duration  is  30  ns,  rise  time  is  1  ns, 
impulse  amplitude  is  10  —  100  V. 

The  discharge  radiation  was  observed  in  the  mode  of  signal  accumulation  at  the  dis¬ 
charge  device  face  with  the  use  of  monochromator  MDR-23  (1.2  nm/mm,  1.2  m,  1200 
lines/mm,  A  A  =  2.4  A),  photoelectronic  multiplier  FEU-100,  RC-filter,  and  digital  os- 
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allograph  S9-8,  mated  through  interface  card  to  a  computer.  The  time  constant  of  the 
integrating  circuit  was  0.25  s  and  provided  for  operations  with  the  high  spectral  resolution 
and  low  noise  level. 


Figure  5.1:  The  experimental  installation. 
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Spectrum  of  discharge  at  the  pressure  4  Torr  and  50  s  after  the  start  of  process 
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Experimental  results 


5.2.1  Spectroscopic  data  • 

The  part  of  integrated  spectrum  in  the  near  UV  region  is  shown  in  Fig.5.2.  Transitions 
of  7-systems  of  NO  are  clearly  seen. 

The  full  set  of  experimental  spectroscopic  data  and  the  pressure  dynamics  is  presented 
in  Fig.5.4.  At  the  same  pressures  we  measured  the  emission  of  second  positive  (A  = 

337.1  nm,  transition  C3IIU)i/  =  0  -*  B%,v"  =  0,  Fig.5.3-1)  and  first  negative  (A  = 
391.4  nm,  transition  £2E+,  v*  -  0  ->•  X2E+,t/"  =  0,  Fig.5.3-2)  systems  of  nitrogen.  This 
allows  do  determine  characteristic  time  of  production  of  N2  molecules.  The  dynamics 
of  relative  NO  concentration  in  the  process  of  decay  was  measured  on  the  wave  length 
A  =  237.02  ±  0.02  nm  (transition  NO(A3E+)  -)•  NO(X2II)).  The  upper  level  of  this 
transition  is  excited  by  an  electron  impact  from  the  ground  state  of  NO  molecule  and 
allow  to  control  the  rate  of  production  and  destruction  of  nitrogen  monoxide  (Figure  5.3- 
3  —  time  of  half-production,  Fig.5.3-4  -  time  of  half-decrease  of  7-system  radiation  after 
maximum).  The  measurements  of  pressure  (Figure  5.3-5)  give  an  information  about  the 
rate  of  conversion  of  threemolecular  reagent  (N2O)  into  bimolecular  reaction  products. 


5.2.2  Electron  number  dencity  and  electric  field 

The  discharge  electron  number  density  and  reduced  electric  field  were  determined  with 
the  use  of  time  resolved  measurements  of  the  discharge  gap  current  and  voltage  impulse 
amplitude. 

The  electric  discharge  gap  current  can  be  obtained  as  a  sum  of  incident  and  reflected 
impulses.  Fig.5.5  illustrates  the  (1)  incident,  (2)  reflected  and  I  (S)  passing-over  current 
impulses  at  initial  p  =  4.06  Torr.  For  convenience  the  reflected  current  impulse  is  shown 
with  the  opposite  sign. 

Figure  5.6  represents  the  pressure  dependence  of  maximum  conduction  current  I  and 
its  temporal  length  t  at  half-maximum  of  the  /-signal.  It  shows  that  in  our  pressure  range 
discharge  gap  current  amplitude  varies  from  I  =  210  A  at  p  =  3  Torr  to  /  =  110  A  at 
p  —  7.5  Torr. 

Discharge  current  and  voltage  drop  on  the  discharge  gap  allow  to  estimate  an  electron 
density  and  reduced  electric  field  alter  closing  the  discharge  gap  (Fig.5.7). 

Values  of  v<i  calculated  with  consideration  of  the  current  chemical  composition  in  the 
two-term  approximation  make  it  possible  to  obtain  with  the  use  of  experimental  data  on 
the  current  density  j  =  I/S  the  evaluation  of  the  maximum  electron  concentration  in  the 
discharge:  ne  =  j/(ev<i),  where  e  -  elemental  charge. 

Fig.5.7  represents  curves  of  reduced  electric  field  E / n  and  electron  concentration  ne 
dependencies  at  various  pressures  corresponding  to  initial  composition  of  the  mixture. 
In  the  parameters  range  under  study  the  reduced  electric  field  at  the  stage  of  the  main 
current  flow  through  the  discharge  cell  varies  from  E/n  =  800  to  300  Td;  which  is  close 
to  the  limit  of  applicability  of  the  two-term  approximation  of  Boltzmann’s  equation  to 
calculate  rates  of  inelastic  processes  with  participation  of  electrons.  Below  it  is  shown  that 
at  the  lowest  studied  pressures  this  leads  to  remarkable  discrepancy  of  the  calculated  and 
measured  rates  of  the  gas  electron  state  excitation.  At  the  same  time  in  the  pressure  range 
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Pressure,  Torr 

Figure  5.3:  Times  of  decomposition  (production)  of  main  species.  1,2  -  half-time  of 
N2(C73ntt)  and  N2(B2S+)  production,  3  -  half-time  of  production  and  4  -  half-time  of 
decrease  of  NO(t13E+)  after  maximum,  5  -half-time  of  pressure  growth. 


Figure  5.5:  Incident  (1),  inversed  reflected  (2)  and  passing-over  I  (3)  current  impulses. 
Initial  pressure  p  =  4.06  Torr. 


of  p  =  3  -7-  7.5  Torr,  as  in  paper  [127],  the  discrepancy  of  calculated  and  experimentally 
measured  excitation  rates  is  minor. 

The  maximum  discharge  electron  number  density  during  the  current  impulse  changes 
in  the  range  of  ne  ~  0.9  —  2.2  x  1012  cm-3  (Fig.5.7),  which  adequately  corresponds  to  the 
measurement  results  [126,  32]  at  the  similar  conditions. 
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e  5.7:  Reduced  electric  field  and  electr 
symbols  -  initial  values,  filled  -  value 


Part  IV 

Numerical  simulation  of  the 
plasma- chemical  processes  under 
nonequilibrium  conditions 
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Chapter  6 

Chemical  reactions  at  thermally 
non-equilibrium  conditions:  reagents 
and  products  vibration  excitation 
dependence  of  the  rate  constant 


Models  of  description  of  chemical  reactions  at  non-equilibrium  energy  distribution  between 
vibration  and  translation-rotation  degrees  of  freedom  begin  to  play  more  important  role 
[128].  This  is  caused  by  necessity  to  describe  dynamic  chemical  processes  which  char¬ 
acteristic  times  are  comparable  with  or  less  than  the  times  of  relaxation  of  vibration 
degrees  of  freedom  of  active  molecules  [129].  Chemical  laser  pumping  [130],  reactions  in¬ 
volving  molecules  excited  by  discharge  electrons  [131],  propagation  of  strong  shock  waves 
[132]  can  serve,  as  examples  of  such  processes.  Calculation  of  reaction  kinetics  at  such 
conditions  requires  the  insight  into  the  nature  of  molecule  and  product  distribution  over 
vibrational  degrees  of  freedom  as  well  as  knowledge  of  rate  constants  of  reactions  between 
reagents  characterized  by  a  certain  vibrational  energy.  Owing  to  development  of  experi¬ 
mental  methods  and  a  number  of  computational  studies,  significant  progress  in  qualitative 
insight  of  the  vibrational  energy  role  in  reactions  is  gained  at  present  [133,  134]. 

A  great  attention  is  drawn  to  development  of  theoretical  models  to  describe  reactions 
at  non-equilibrium  conditions. 

A  method  of  the  vibrational  energy  usage  factor  which  is  developed  in  [135,  136, 137] 
should  be  emphasized;  it  reduces  the  reagent  vibration  energy  role  to  the  decrease  of 
the  reaction  activation  threshold  by  ctEVib  and  does  not  allow  to  calculate  product  dis¬ 
tribution  over  vibration  states.  Vibration  energy  usage  factor  a  is  expressed  with  the 
use  of  activation  energy  and  thermal  effect  of  the  reaction.  Simplicity  of  such  approach 
causes  its  broad  application  at  present  in  actual  calculations  of  multi-components  ther¬ 
mally  non-equilibrium  active  systems  [138].  A  model  of  bimolecular  exchange  reactions  at 
conditions  that  vibrational  temperature  of  active  molecules  differs  from  the  translational 
one  which  has  been  recently  developed  by  Macheret  [132]  is  designed  to  estimate  the  rate 
constant  and  a  factor  of  non-equilibrium  of  the  simple  exchange  endothermic  reaction. 
The  model  is  characterized  by  simplicity  of  application  but  requires  knowledge  of  energy 
release  fraction  in  the  reverse  reaction  which  is  directed  to  vibrational  excitation  and  it 
is  applicable  only  to  a  certain  type  of  reaction  [139]. 
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It  should  be  noted  that  virtually  all  analytical  models  available  at  present  which 
describe  reaction  rate  constants  operate  with  term  ’’vibrational  temperature  ,  which  as¬ 
sumes  that  there  is  a  beforehand  specified  distribution  over  vibrational  levels  of  reagents; 
reaction  product  distribution  over  internal  energy  is  disregarded  at  all  in  most  cases.  Such 
approach  significantly  decreases  their  value  for  modeling  of  the  reaction  kinetics  at  highly 
non-  equilibrium  conditions  that  molecule  distribution  over  vibrational  levels  can  be  even 
inverse  in  a  certain  energy  range  [140]. 

Recently  numerical  calculations  more  frequently  become  an  alternative  to  analytical 
models  [141]. 

A  great  series  of  results  of  rate  constant  calculations  and  energy  distribution  of  chem¬ 
ical  reaction  products  with  the  use  of  Monte-Carlo  method  is  given  in  [142].  However,  it 
is  necessary  to  note  that  despite  the  highly  detailed  pattern  obtained  by  numerical  calcu¬ 
lations  these  calculations  are  extremely  labor-consuming  and  their  results  highly  depend 
on  calculation  approximations  accepted  [143].  Therewith,  the  use  of  these  calculation 
results  to  simulate  complicated  active  systems  is  problematic  at  present.  Thereby,  the 
problem  to  construct  an  analytical  model  that  makes  it  possible  to  evaluate  microcon¬ 
stants  of  reaction  rates  and  a  function  of  the  level  distribution  of  the  product  on  the  basis 
of  experimentally  measured  values  is  going  on  to  be  actual. 


6.1  Problem  formulation 

Let’s  treat  a  reaction  of  exchange  type  with  energy  release 

AB  +  C  -»•  A  +  BC  +  AH  (6.1) 

in  which  molecules  AB  and  BC  can  by  characterized  by  distribution  over  vibrational 
energy  which  differs  from  the  equilibrium  one.  Let’s  assume  that  this  reaction  rate  at 
reagent  equilibrium  distribution  over  energy  is  described  by  the  law  of  mass  action,  and 
experimentally  measurable  rate  constant  is  characterized  by  the  Arrenius  temperature 
dependence: 


W  =  fc[AB][C]  (6-2) 

k  =  k0exp{-Ea/T}  (6-3) 

where  W  —  process  rate,  [AB]  and  [C]  —  AB  and  C  components  concentrations,  Ea 
activation  energy. 

Integral  reaction  (6.1)  proceeds  through  elementary  channels  of  the  following  type. 

AB(v)  +  C  -*  A  +  BC(w)  (6.4) 

y  _  ii]  —  numbers  of  vibrational  levels  where  molecules  AB  and  C  are  located  respectively. 
The  rate  of  such  process  is  determined  by  relation: 

Wv’w  =  fcv,w[AB(v)][C]  (6.5) 


where 
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A+BC(iv) 

A  +  BC* 
A+BC(0) 


Figure  6.1:  Structure  of  Model  Curves  of  Potential  Energy  of  Reaction  AB  +  C  — >  A  + 
BC.  Bold  line  marks  a  term  that  corresponds  to  the  rate  averaged  over  all  vibration  levels 
of  reagents  and  products;  for  this  term  Ea  =  Elxp. 


kv’w  =  kv0'wexp{-Eva'w/T}  (6.6) 

a  E”’w  —  process  activation  energy  (6.4).  For  kv,w  the  condition  of  normalization  is 
effective 


STwv’w  =  W  (6.7) 

v,w 

at  equilibrium  (Boltzmann)  distribution  of  molecule  AB  over  vibrational  energy.  To  de¬ 
termine  numerical  values  of  k£w  and  E%w  let’s  use  a  model  of  vibronic  terms  [129].  In  this 
approximation  the  profile  of  a  potential  energy  surface  which  corresponds  to  interaction 
AB(u)+C  is  obtained  by  parallel  shift  upward  by  E^  of  the  surface  corresponding  to 
state  AB+C.  In  doing  so,  the  form  of  the  potential  energy  surface  is  constant  (Fig.  6.1). 

Allowing  for  interaction  between  states  AB(v)+C  and  BC(u/)+A,  the  form  of  the 
potential  energy  surface  in  the  vicinity  of  the  cross  point  changes  in  general.  In  this 
region  the  genuine  potential  energy  surface  is  located  below  the  initial  surfaces  and  the 
value  of  the  threshold  decrease  is  determined  by  the  matrix  element  of  interaction  [144]. 
Let’s  assume  that  the  region  of  the  state  interaction  is  sufficiently  small  and  located  in 
the  vicinity  of  the  barrier  top,  i.e.  the  potential  energy  surfaces  correspond  to  either 
AB(v)+G,  or  BC(w)+A  everywhere  except,  probably,  a  narrow  zone. 

Application  of  this  model  is  best  justified  for  electron  -  non-adiabatic  processes  where 
allowing  for  interaction  between  states  AB+C  and  A+BC  affects  potential  curves  of  asso¬ 
ciated  states  only  in  a  small  region  near  a  point  of  transition  from  one  state  to  the  other 
[129]. 
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6.2  Changing  of  the  reaction  threshold  and  probabil¬ 
ity  of  transition  with  reagents  excitation 

Should  the  initial  terms  be  approximated  by  exponential  coordinate  dependencies  (rAB-c 
and  rA-BC,  with  n  and  r2  parameters  of  decrease  respectively),  surfaces  of  potential 
energy  of  an  exothermic  reaction  (6.4)  can  be  represented  in  the  form  of: 


Ui  =  A  H  +  E J°  exp{r/ rj  (6.8) 

for  reagents  and 

U2  =  (A  H  +  E%°)  exp  {— r/r2}  (6.9) 

for  products,  where  E °°  —  energy  of  the  process  activation. 

AB(v  =  0)  +  C  -»•  A  +  BC(w  =  0)  (6.10) 


6.2.1  Evaluation  of  reaction  threshold 

Within  the  assumptions  accepted,  threshold  E”,w  of  elementary  process  (6.4)  is  determined 
from  equation  system 


ES(v)  +  a H  +  E™  exp {rVn}  =  +  (A H  +  E°a°)  exp{-r'/r2}  (6.11) 


E%,w  —  E®°  exp{r* /ri}  ‘  (6.12) 

where  r*  —  coordinate  of  the  cross  point  of  vibronic  terms,  E^(v)  and  Ef£(w) 
vibration  energies  of  molecules  AB  and  BC  in  states  with  vibration  quantum  numbers  v 
and  w  respectively. 

In  most  cases  interaction  radii  of  reagents  r\  and  products  r2  are  close  values.  If 
Ti  =  r2  is  assumed,  then  solution  of  this  system  is  of  a  simple  form: 


■J(AH  +  Eti(v)-E*!g(w)r  +  4 E«(E°°  +  AH)  - 

-  (AH  +  E%(v)  -  ESfW)] 


(6.13) 


6.2.2  Estimation  of  transition  probability  for  selected  levels 

Estimate  of  kv0'w  probability  of  transition  for  separated  levels  is  the  probability  of  elec¬ 
tron  -  non-adiabatic  transition  that  corresponds  to  rearrangement  of  electron  structure  of 
complex  A-B-C  from  a  state  correlating  with  reagents  to  the  state  describing  products  of 
reaction  and  takes  place  in  the  vicinity  of  the  barrier  top.  Together  with  E”'w,  the  v  and 
w  dependence  of  this  value  determines  reaction  rate  constant  (6.4)  and  product  distri¬ 
bution  over  vibration  energy.  To  evaluate  probability  of  this  transition  the  semi-classical 
approximation  [144]  was  used.  Let’s  consider  the  non-stationary  wave  equation: 

indM^L  =  He{r,R)V{r,t )  (6.14) 

at 
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where  time  dependence  of  electron  hamiltonian  He(r,R )  depends  on  time  dependence  of 
nucleus  coordinates  R  =  R(t). 

Let’s  find  ^(r,t)  in  the  form  of  extension  in  terms  of  adiabatic  electron  functions 
<pm(r)  in  semi-classical  approximation: 


W{r,  t)  =  J]om(t)9?m(r)exp 

m 


~  /  Um(R)dt 


(6.15) 


where  Um  -  adiabatic  electron  therms  of  molecular  system.  Then,  giving  (6.15)  into  (6.14) 
and  using  the  property  of  ortho-normalization  of  function  <pm,  for  coefficients  am(t)  one 
can  obtain  [144]: 


ih 


dam(t) 

dt 


<Pn)  exp 


~  /  (U.  -  Um)dt 


an 


(6.16) 


Let’s  limit  ourselves  further  by  the  two-state  approximation,  i.e.  non-  adiabatic  bond 
only  between  two  electron  terms  is  taken  into  account.  This  allows  to  retain  only  two 
terms  of  the  whole  sum  (6.15),  approximating  the  non-adiabatic  function  by  the  following 
expression  [144]: 


^(r,t)  =  ai(t)  exp 


/ 


lh{R)dt 


ipi(r,R) 


+ 


+a2(t)  exp 


z 

I  U2{R)dt 


<P2(r,R) 


(6.17) 


of: 


The  hamiltonian  matrix  in  the  atomic  basis  and  can  be  represented  in  the  form 


with  eigenvalues 


„  _  (Hn(R)  Hl2(R)\ 
e  \H2l(R)  H22(R) ) 


(6.18) 


Ul<2  =  U(R)  ±  AU(R) 

U(R)  =  1/2(^U(E)  +  H22(R))  (6.19) 

A U  =  1/2 {[Hn(R)  -  H22(R)}2  +  4  \HX2{R)\2y/2 

If  complete  adiabatic  hamiltonian  He  is  represented  in  the  form. of  a  certain  zero 
hamiltonian  and  slight  disturbance  He  =  H0  +  V,  then  diagonalizing  matrix  (6.18),  the 
adiabatic  functions  of  such  hamiltonian  can  be  expressed  with  the  use  of  the  adiabatic 
functions  of  the  zero  hamiltonian  [144]: 


(pi  =  (pi  cos  X  +  V2  sin  X 
<p2  =  -<pl  sin  x  +  <p2  cos  X 


(6.20) 
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where 


1 

X  =  2  '  arctS 


2Vi2 


E?  +  Vu  -  E§  -  V22 


) 


(6.21) 


Equations  for  probability  amplitudes  ai  and  a2  which  are  obtained  from  (6.16)  pro¬ 
vided  that  all  the  states  are  neglected  in  it  except  the  two  considered  are  as  follows  [144]: 


ih^t =  +  exP 


t 


I (V,  -  UJdt 


a  2 


ihiit  =  ~ih^ + exp 


i 

h 


t 


I  (U2  -  ul)dt 


ax 


(6.22) 


It  is  shown  in  [145,  146]  that  equations  (6.22)  can  be  integrated  in  the  complex  plane 
and  the  following  expression  can  be  obtained  for  the  probability  of  transition  [147]  (Landau 
-  Zener  model): 


P\2  =  |a2(+oo)|2  ~  exp 


(6.23) 


Thereby,  to  evaluate  probability  P12  of  transition  into  a  state  that  correlates  with 
the  reaction  products  (probability  of  reaction  provided  that  the  energy  of  the  system  is 
sufficient  to  overcome  the  potential  threshold)  it  is  necessary  to  evaluate  the  tc  effective 
time  of  collision  and  characteristic  value  of  the  energy  change  in  transition  to  a  new  state 
A  U. 

As  stated  in  [148],  probability  of  a  non-adiabatic  process  is  maximum  in  a  region  of 
maximum  overlapping  of  translational  wave  functions  in  the  vicinity  of  the  turn  point. 
Considering  that  the  majority  of  active  molecules  are  of  the  initial  energy  of  translation 
motion  which  is  only  slightly  more  than  reaction  threshold  E%’w,  let’s  suggest  that  the 
turn  point  of  the  system  is  located  exactly  at  the  top  of  the  reaction  threshold,  i.e.  at 
the  cross  point  of  vibronic  terms.  Let’s  evaluate  the  distance  from  the  turn  point  to  the 
region  where  probability  of  transition  is  maximum,  as  7*o  ^  A/2,  where  A  —  de’Broglie 
wave  length  of  the  system.  Value  A  in  the  vicinity  of  the  turn  point  in  traveling  on  the 
surface  U\  in  the  coordinate  system  of  the  gravity  center  of  the  system  can  be  evaluated 
from  relation: 


A  ~  —  '  (6.24) 

p  nu 

where  u  —  averaged  rate  in  the  interaction  region,  p  —  reduced  mass  of  the  system. 
Allowing  for  the  made  suggestion  that  the  cross  point  of  vibronic  terms  is  the  turn  point 
and  relation  u  =  Ft/p  [144],  for  u  one  can  obtain: 


u  = 


(6.25) 
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which  together  with  (6.24)  result  in: 


(6.26) 


where  tc  -  characteristic  time  of  interaction,  A  -  de’Broglie  wave  length  that  corresponds 
to  the  system  in  the  vicinity  of  the  turn  point,  F  =  U'  —  tilt  of  the  potential  energy 
surface  at  this  point. 

As  far  as  overlapping  of  the  wave  functions  is  determined  by  both  Ai  and  A2,  let’s  use 
the  following  estimate  for  r0: 


r0  ~  A/2  = 


Ai  +  A2 

4 


n  fFi+F2) 
2tc  l  FXF2  I 


(6.27) 


The  energy  difference  between  the  potential  energy  surfaces  corresponding  to  reagents 
and  products  at  point  r  =  r0  is  equal  to: 


A U  =  | Ux{r)  -  U2(r)\  ~  \FX  -  F2\ r0  =  A Fr0  (6.28) 

where 


Fi(r)  =  U[(r)  =  E°°/ri  exp(— r/ri), 


(6.29) 


F2(r)  =  U'2(r)  =  (AH  +  E™)/r2  exp(-r/r2).  (6.30) 

Considering  that  transitions  between  terms  U\  and  U2  in  general  take  place  in  region 
r  ~  ro  [148],  let’s  disregard  transitions  in  other  regions.  Therefore,  for  probability  P\2  of 
transition  one  can  obtain: 


P\2  ~  exp 


£2 

F\ 


(6.31) 


Thereby,  in  this  case  value  ||1  —  plays  the  role  of  Messi  parameter  and  determines 
probability  of  transition  from  reagents  to  reaction  products.  Taking  into  account  relation 
(6.31)  for  value  kv,w  one  can  obtain: 


=  A  exp  |  ^  ^  |}  exp  (-£%■» /kT)  (6.32) 

where 


F,  (Ev’w)2 

_  —  ^  a  l _  -  (R  QQ'l 

F2  (E°°  +  AH)E™  {  ’ 

A  —  normalizing  factor. 

Thereby,  equation  system  (6.13),  (6.32)  determines  the  value  of  the  process  rate  con¬ 
stant  (6.4)  at  known  values  A,  and  AH,  and  allowing  for  other  molecular  constants 
explicitly  is  not  required.  Let’s  draw  our  attention  to  the  problem  of  reconstruction  of  val¬ 
ues  A  and  E%°  from  reaction  activation  energy  (6.1)  Eeaxp  measurable  in  quasi-stationary 
mode  and  pre-exponential  factor  k™p  which  are  the  values  averaged  over  all  possible  chan¬ 
nels  of  the  reaction  (6.4).  It  is  clear  that  the  total  process  rate  (6.4)  with  the  Boltzmann 
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distribution  of  reagents  over  energy  should  correspond  to  the  reaction  rate  (6.1)  measured 
at  thermally  equilibrium  conditions;  their  derivatives  with  respect  to  temperature  should 
coincide  as  well.  This  results  in  two  equations  required  to  determine  A  and  E°°: 


E  {f!(T)  x  k„) 

v,w 


E  wen  x  k„,wy 


(6.34) 


where  denotes  the  derivative  with  respect  to  temperature,  fb  (T)  —  Boltzmann  func¬ 
tion  of  reagent  distribution  over  vibration  levels  at  specified  temperature  Tvib  =  Ttr  =  T. 


6.3  Model  analysis 

Thereby,  equation  (6.32),  (6.34)  makes  it  possible  to  evaluate  rate  constants  values  of 
reactions  between  vibration  excited  reagents  with  the  use  of  known  reaction  rate  constant 
and  its  temperature  dependence  at  quasi-stationary  conditions. 

However,  it  is  necessary  to  note  that  assumptions  explicitly  or  implicitly  made  during 
construction  of  this  model  (model  of  vibronic  terms,  size  of  effective  transition  region, 
geometry  of  collision)  introduce  uncertainty  in  evaluation  of  the  area  of  its  applicability. 
Allowing  for  the  above-stated  it  is  necessary  to  treat  the  model  (6.32),  (6.34),  as  semi- 
empirical  and  to  verify  it  for  wide  class  of  reactions  at  various  ratios  of  translational  and 
internal  energy  of  reagents. 

Let’s  separate  for  analysis  several  cases  important  for  practical  application: 

•  Monomolecular  decomposition  at  Ttr  >  Tvib: 


N2(v)  +  M->N  +  N  +  M 

•  Reactions  in  N2-O2  mixtures  at  Ttr  ^  Tvib: 

(6.35) 

N2(u)  +  0  -»  NO(w)  +  N 

(6.36) 

N  +  02(u)  -»  NO(w)  +  0 

•  Reactions  in  H2-O2  mixtures  at  Ttr  <C  Tvib: 

(6.37) 

0  +  H2(u)  ->  OH(w)  +  H 

(6.38) 

OH  +  H2(v)  — >  E20{uu  v 2,  ^3)  +  H 

(6.39) 
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•  Distribution  of  exchange  reaction  products  over  vibration  levels 


H  +  BrCl  -»•  HBr(w)  +  Cl  (6.40) 

Cl  +  F2  ->•  ClF(w)  +  F  (6.41) 

It  should  be  noted  that  the  essential  number  of  the  above-listed  reactions  is  not  related 
with  the  electron  -  non-adiabatic  processes  and  application  of  the  model  to  them  (6.32), 
(6.34)  should  be  considered  as  analysis  of  possibility  to  construct  empirical  methods  to 
calculate  rates  of  processes  involving  vibration  excited  reagents  for  maximum  wide  class 
of  reactions.  The  preliminary  analysis  has  demonstrated  that  the  best  agreement  with 
the  available  published  data  on  dependence  of  the  chemical  reaction  rate  constants  on  the 
degree  of  non-equilibrium  Tvu,/Ttr,  products  distribution  over  vibration  degrees  of  freedom 
and  relation  of  reaction  rates  involving  excited  and  non-excited  reagents  can  be  reached 
by  introduction  of  correction  to  change  the  form  of  the  potential  energy  surface  with  the 
growth  of  reagent  and  product  vibration  excitation. 

In  doing  so,  equation  (6.11)  transforms  into: 

E%(v)  +  A  H  +  Ex  exp{rVn}  =  E*£(w)  +  (AH  +  E2)  exp  {-r*/r2}  (6.42) 

Eva’w  =  E1exp{r*/r1}  (6.43) 


r  f(«). 

if 

£T-7.e&?m>  ae 

E\  —  < 

E™-yE$(v)<AE 

(6.44) 

.  A  E, 

if 

(  E«-yE?g(w), 

if 

E™-7E™(w)>AE 

E1={ 

(6.45) 

(  A  E, 

if 

E!°-7E%(w)<AE 

where  terms  jE^(v),  jEf£(u>)  allow  to  take  into  consideration  the  deviation  from  the 
vibronic  term  model  at  the  great  vibration  excitation  by  specifying  the  relative  decrease 
of  reaction  energy  threshold  at  vibration  excitation  of  reagents  and  products.  Then,  at 
7  =  0  equations  (6.8)-(6.9)  transform  into  the  initial  model  of  vibronic  terms,  and  at 
0  <  7  <  1  the  relative  height  of  the  reaction  energy  threshold  decreases  with  the  growth 
of  vibration  level  up  to  a  certain  minimum  level  of  A E  >  0.  Equation  (6.13)  transforms 
into: 

Kw  =  \  [V(Ai?  +  E%(v)  -  +  4 ME,  +  AH)  - 

-(AH  +  E%(v)-E?g(w))]  (6.46) 

equations  (6.29),  (6.30) 


79 


Fi(r )  =  JJ[{r)  =  Ei/ri  exp(— r/ri), 


(6.47) 


F2  (r)  =  C/^r)  =  (A#  +  E2)/r2  exp(-r/r2).  (6.48) 

and  equations  (6.32),  (6.34)  do  not  change. 

Conditions  A E  >  0  is  required  to  provide  intersection  of  the  model  terms  that  correlate 
with  reagents  and  products.  In  this  study  the  following  is  used  in  all  the  cases: 

A E  =  0.005  x  (0*®  +  dBC ) 

where  ^AB,  9BC  —  vibration  quantum  of  reagent  and  product  respectively.  In  this  choice 
of  the  AE  values  there  is  virtually  no  sensitivity  of  calculation  results  to  its  variation  by 
several  times  in  any  direction. 

The  7  value  that  describes  the  relative  decrease  of  the  reaction  energy  threshold  at 
high  level  of  excitation  can  be  considered  as  a  parameter  of  the  problem,  and  be  chosen 
so  that  the  best  agreement  of  calculations  by  model  (6.32),  (6.34)  with  experimental  data 
are  provided.  The  choice  of  specific  value  of  7  only  slightly  affects  reactions  between 
non-excited  component  and  becomes  essential  for  description  of  reactions  with  the  great 
energy  threshold  between  highly  excited  reagents. 

As  a  result  of  analysis  performed,  it  has  been  obtained  that  the  best  agreement  of 
the  calculation  results  by  (6.32),  (6.34)  with  the  data  of  other  authors  is  reached  in  wide 
range  of  parameters  at: 


7  =  0.3 

This  value  is  used  in  all  the  calculations. 

Given  below  is  results  of  model  testing  (6.32),  (6.34)  for  several  typical  processes  and 
their  comparison  with  data  of  other  authors.  Therewith,  to  compare  with  the  results  of 
other  studies  which  are  represented  as  a  vibration  and  translation  temperatures  function, 
convolution  of  kv>w  with  Boltzmann  function  of  distribution  over  vibration  levels  at  T  = 
Tvib  is  used: 


k(T„,  T^)  =  £  {K(Tm)  x  k,,m(T„)}  (6.49) 

v,w 

where  fb(T)  —  Boltzmann  function  of  reagent  distribution  over  vibration  levels  at  tem¬ 
perature  T  =  Tvib. 

6.3.1  Monomolecular  decomposition  at  Ttr  >  Tvn, 

Interest  to  reaction  of  monomolecular  decomposition  is  related  with  problems  of  modeling 
of  space  craft  entrance  (re-entry  regimes)  into  the  atmosphere  and  chemical  reactions 
behind  strong  shock  waves. 

A  survey  of  numerical  models  developed  by  now  to  describe  such  processes  is  given, 
for  instance,  in  [139]. 

One  of  the  most  intensively  studied  reactions  of  monomolecular  decomposition  at  non¬ 
equilibrium  conditions  is  the  process  of  (6.35)  N2(v)  +  M  — y  N  +  N  +  M. 
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Figure  6.2:  Dependence  of  the  Rate  Constant  of  Monomolecular  Decay  of  N2  on  Non- 
Equilibrium  Degree  Tvib/Ttr  at  Ttr  =  2  x  104  K.  1  —  [151],  U  =  D/6  A:;  2  —  [151], 
U  =  D/Sk;  3  —  [153];  4  —  [152];  5  —  [149,  150];  6  —  [154];  7  —  model  (6.32), (6.34). 

For  modeling  of  the  dependence  of  monomolecular  decomposition  rate  constant  on 
the  degree  of  vibration  non-equilibrium  by  model  (6.32),  (6.34)  it  should  be  noted  that 
decomposition  of  molecule  AB  during  collision  with  partner  C  can  be  formally  described  by 
scheme  (6.4)  with  quasi-continuous  spectrum  for  energy  and  zero  life  time  for  the  product 
of  reaction  BC.  Fig.6.2  gives  results  of  calculations  of  the  rate  constant  of  reaction  (6.35) 
at  Tvib/Ttr  <  1  which  are  obtained  with  the  use  of  diverse  models. 

It  is  seen  that  up  to  value  TVib/Ttr  =  0.5  of  deviation  from  equilibrium  the  results 
of  calculation  by  model  (6.32),  (6.34)  are  in  good  agreement  with  the  data  obtained  by 
Macheret  -  Rich  -  Fridman  model  [149,  150].  At  high  values  of  deviation  from  the  equilib¬ 
rium  the  model  [149, 150]  predicts  higher  rates  of  the  dissociation  process  than  calculated 
by  (6.32),  (6.34).  This  relates  to  the  fact  that  multi-quantum  VT-transitions  which  form 
essentially  non-Boltzmann  distribution  over  high  vibration  levels  due  to  decrease  of  vi¬ 
bration  quantum  and  increase  of  the  rate  of  energy  exchange  with  the  translation  degree 
of  freedom  are  taken  into  account  in  model  [149,  150].  In  this  case  the  effective  tempera¬ 
ture  of  the  upper  level  population  can  attain  the  value  of  translation  temperature,  which 
essentially  accelerates  the  dissociation  process  (fig.6.2). 

In  principle  this  effect  depends  on  prehistory  of  the  process  (particularly  on  the  manner 
of  production  of  non-equilibrium  distribution)  and  is  not  universal.  Therefore,  Boltzmann 
distribution  with  T  =  Tvib  over  all  vibration  levels  was  assumed  in  simulation  by  model 
(6.32),  (6.34),  which  resulted  in  the  decrease  of  the  rate  constant  at  Tvib/Ttr  <C  1  in 
comparison  with  data  [149,  150].  In  consideration  of  formation  of  Boltzmann  distribution 
over  vibration  levels  in  upper  range  of  the  energy  spectrum,  model  (6.32),  (6.34)  provides 
Tvib/Ttr  dependence  of  the  dissociation  rate  constant  which  is  similar  to  [149,  150]. 

Deviation  of  results  of  calculation  by  [149,  150]  and  (6.32),  (6.34)  from  more  rough 
models  of  Treanor  [151],  Park  [152,  153]  and  Brun  [154]  is  sufficiently  great  in  the  whole 
range  of  parameters  (Fig.6.2). 
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Figure  6.3:  Dependence  of  the  Rate  Constant  of  Reaction  N2(v)+0  NO+N  on  Degree 
of  Non-Equilibrium  Tvib/Ttr  at  Ttr  =  1.5  x  104  K.  1  —  model  (6.32), (6.34);  2  —  [156], 
s  =  0.5;  3  —  a-model,  [139],  a  =  0.51. 

6.3.2  Reactions  in  N2-O2  mixtures 

Reaction  N2  +  0  — >■  NO  +  N  is  one  of  the  crucial  for  description  of  the  chemical  reaction 
kinetics  in  strong  shock  waves  in  air.  Experimentally  obtained  estimate  for  the  factor  of 
the  vibration  energy  usage  in  this  process  is  a  ~  0.51  [155]. 

Fig.6.3  shows  results  of  calculation  of  the  reaction  rate  constant  (6.36)  in  dependence 
on  ratio  between  vibration  and  translation  temperatures  TVib/Ttr  at  fixed  translation  tem¬ 
perature  Ttr  —  15000  K  for  model  (6.32),  (6.34),  a-model  [129]  at  a  =  0.51  and  Park  model 
[156]  with  s  =  0.5  which  become  the  reference  point  for  comparison  of  diverse  models  of 
high  temperature  kinetics  description  at  thermally  non-equilibrium  conditions. 

It  is  seen  that  model  (6.32),  (6.34)  provides  good  agreement  of  the  reagent  vibration 
excitation  dependence  of  the  rate  constant  with  calculations  based  on  the  experimental 
value  of  a  ~  0.51  in  a  wide  range  of  conditions. 

Along  with  this,  more  sharp  vibration  temperature  dependence  of  results  of  calculation 
by  (6.32),  (6.34)  at  TVib  <  Ttr  in  comparison  with  data  obtained  by  Park  model  (fig.6.3) 
is  noted.  It  should  be  pointed  out  that  the  a-model  in  this  range  of  parameters  is  not 
applicable  [139]. 

Other  reaction  of  great  importance  to  describe  non-equilibrium  kinetics  in  air  at  high 
temperatures  is  process 


N  +  02(u)  -+NO  +  O 

that  is  characterized  by  significantly  less  activation  energy  of  (©6.37  =  3150  K,  ©6.36  = 
38370  K)  and  less  sensitivity  to  degree  of  reagent  vibration  excitation  (experimentally 
measured  value  of  factor  of  the  vibration  energy  usage  is  a6.37  —  0.24  [155]).  Fig.6.4 
shows  results  of  calculation  of  reaction  rate  constant  (6.37)  at  translation  temperature 
Ttr  =  300  K  with  the  essential  overheating  of  reagents.  Results  obtained  by  the  model 
(6.32),  (6.34)  are  in  good  agreement  with  calculation  using  experimentally  measured  value 
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Figure  6.4:  Dependence  of  the  Rate  Constant  of  Reaction  N+02(v)  — >•  NO+O  on  Degree 
of  Non-Equilibrium  Tvib/Ttr  at  Ttr  =  300  K.  1  —  model  (6.32), (6.34);  2  —  a-model,  [139], 
a  =  0.24. 


of  a  =  0.24  [129]. 

6.3.3  Reactions  in  H2-O2  system 

Reactions  between  excited  molecules  of  hydrogen  H2(v)  and  radicals  which  rates  highly 
depend  on  gas  vibration  excitation  are  of  the  greatest  interest  for  description  of  processes 
of  thermally  non-equilibrium  ignition. 

One  of  the  well-studied  examples  of  such  reactions  is  process  H2(u)  +0  -»  H  +  OH(w) 
[157], 

It  is  shown  in  study  [158]  that  ratio  of  specific  constants  of  the  reaction  rates  at  v  =  1 
and  v  =  0  is  k(v  =  1  )/k(v  =  0)  =  2600  at  T  =  300  K.  A  feature  of  this  process  is 
formation  of  radical  OH  which  takes  place  mainly  in  vibration  excited  state  [158]: 


0(3P)  +  H2(v  =  1)  OH(v  =  1)  +  H,  k  =  (l.Ol^e)  x  10-14  cmz/s  (6.50) 

0(3P)  +  H2(v  =  1)  ->  OH(u  =  0)  +  H,  fc  <  4.7  x  10~15  cro3/s  (6.51) 

In  accordance  with  results  of  experimental  measurements  the  averaged  factor  of  vibra¬ 
tion  energy  usage  in  this  reaction  is  a  =  0.31  [129].  Fig.6.5  shows  results  of  calculation 
of  the  reaction  rate  constant  (6.38)  at  translation  temperature  T&  =  300  K  for  various 
vibration  temperatures  with  the  Boltzmann  distribution  of  molecules  over  energy  levels. 
The  dependence  calculated  by  (6.32),  (6.34)  is  in  good  agreement  with  calculation  by 
a-model  at  a  =  0.31  with  the  degree  of  overheating  of  Tvib/Ttr  <  5  (Fig.6.5).  At  high 
values  of  TVib/Ttr  calculation  by  a-model  predicts  more  sharp  growth  of  the  reaction  rate 
constant. 

At  Ttr  =  300  K  calculation  by  model  (6.32),  (6.34)  provides  ration  of  specific  constants 

of  the  reaction  rate  for  H2(u  =  1)  and  H2(v  =  0)  k(v  =  1  )/k(v  =  0)  =  2795,  which 

is  in  perfect  agreement  with  experiments  [158].  Ratio  of  channels  (6.50)  and  (6.51)  at 
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Figure  6.5:  Dependence  of  the  Rate  Constant  of  Reaction  H2(v)  +  0  — >  H+OH  on  Degree 
of  Non-Equilibrium  Tvib/Ttr  at  Ttr  =  300  K.  1  —  model  (6.32), (6.34);  2  —  a-model,  [139], 
a  =  0.31. 


Ttr  =  300  K  is  equal  to  fce.5oA6.5i  =  7.9,  which  also  is  in  good  agreement  with  estimate 
[158]. 

In  study  [159]  the  Arrenius  expression  for  the  rate  constant  (6.50)  was  theoretically 
obtained.  The  activation  energy  calculated  in  this  study  was  ©6.50  =  1868  K,  which  well 
correlates  with  results  of  calculation  by  models  (6.32),  (6.34);  these  results  predict  the 
value  of  06.5o  =  2160  K. 

Reactions  involving  multi-atomic  molecules,  as  reagents  or  products,  are  more  com¬ 
plicated  for  treatment.  Models  available  at  present  do  not  make  it  possible  to  evaluate 
the  relative  efficiency  of  various  vibration  mode  contribution  to  overcome  of  the  reaction 
activation  threshold  and  distribution  of  energy  released,  as  a  result  of  reaction,  over  vari¬ 
ous  vibration  modes.  At  this  study  the  assumption  that  only  deformation  (lowest  energy) 
vibration  mode  H20  is  excited,  as  a  results  of  energy  fraction  release  to  internal  degrees 
of  freedom  was  made  in  this  study  for  simulation  of  reaction  OH  +  H2(v)  — »  H20  +  H. 
Fig.6.6  shows  the  vibration  overheating  dependence  of  the  reaction  rate  constants  (6.39) 
which  is  obtained  in  this  approximation.  This  dependence  is  in  good  agreement  with 
calculations  based  on  experimentally  measured  value  of  a  =  0.24  [129].  An  estimate  for 
ratio  of  the  rate  constants  of  processes  was  obtained  in  [160]: 

OH  +  H2(u  =  0)  ->H20  +  H 
OH  +  H2(u  =  1)  ->H20  +  H 

kv=i/kv=o  <  1000  at  T  =  298  K,  which  is  in  good  agreement  with  the  estimate  of  kv=0  = 
2.9  x  10-15  cm-3s“T,  fc„-i  =  1.8  x  10~12  cm“3s_l  obtained  by  model  (6.32),  (6.34)  which 
provides  the  value  of  kv-i/kv-0  =  620  for  ratio  of  these  constants. 
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Figure  6.6:  Dependence  of  the  Rate  Constant  of  Reaction  H2(v)  +  OH  -*  H20  +  H  on 
Degree  of  Non-Equilibrium  Tvib/Ttr  at  Ttr  =  300  K.  1  —  model  (6.32),  (6.34);  2  —  a-model, 
[139],  a  =  0.24. 


6.3.4  Distribution  of  exchange  reaction  products  over  vibration 
levels 

To  study  possibility  of  description  of  distribution  of  energy  that  releases  in  the  process  of 
chemical  reactions  over  the  various  degrees  of  freedom  of  products  the  following  processes 
were  treated 

H  +  BrCl  ->  HBr(u;)  +  Cl 
Cl  +  F2  — »  ClF(w)  +  F 

in  which  the  reaction  products  are  characterized  by  highly  non-equilibrium  non-Boltzmann 
distribution  over  vibration  levels  [142].  Results  of  calculation  of  function  fw  of  molecule- 
product  distribution  over  vibration  levels  by  model  (6.32),  (6.34)  are  given  in  Figures  6.7 
and  6.8.  Data  [142]  obtained  during  calculation  of  product  energy  distribution  in  chemical 
two-channel  reactions  with  the  use  of  trajectory  calculations  by  Monte-Carlo  methods  and 
experimental  results  [161]  are  shown  in  the  same  Figures  for  comparison. 

For  all  the  processes  studied  the  good  agreement  is  obtained  as  to  the  vibration  energy 
released  into  vibration  degrees  of  freedom.  The  form  of  function  of  distribution  over 
vibration  levels  in  calculation  by  model  (6. 32), (6.34)  is  obtained  more  sharp  than  in 
experiments  [161]  and  trajectory  calculations  [142],  however,  position  of  the  population 
maximum  is  reproduced  with  high  accuracy  (Fig.6.7).  With  the  decrease  of  the  products 
vibration  quantum  (reaction  (6.41))  selectivity  of  population  decreases  and  the  half  width 
of  the  distribution  function  that  is  calculated  by  (6.32), (6.34)  becomes  close  to  results  of 
the  trajectory  modeling  [142], 

It  is  interesting  to  analyze  the  transformation  of  function  of  the  product  distribution 
over  vibration  levels  for  a  change  of  the  reaction  activation  energy.  The  growth  of  acti¬ 
vation  energy  results  in  more  effective  population  of  the  lower  vibration  levels  of  reaction 
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Figure  6.7:  Vibration  Level  Distribution  of  Molecules  HBr  in  Reaction  H  +  BrCl  — >■ 
HBr(uz)  +  C1  at  Ttr  =  300  K.  1  —  calculation  by  model  (6.32),  (6.34);  2  —  calculation  by 
a  method  of  classical  trajectories  [142];  3  —  experiment  [161]. 


Cl  +  Fz  =  ClF(w)  +  F 


Figure  6.8:  Vibration  Level  Distribution  of  Molecules  C1F  in  Reaction  CI+F2  — »•  ClF(u/)  + 
F  at  Ttr  =  300  K.  1  —  calculation  by  model  (6.32),  (6.34);  2  —  calculation  by  a  method 
of  classical  trajectories  [142]. 
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products  and  at  sufficiently  high  values  (comparable  with  AH)  the  maximum  population 
falls  on  the  zero  vibrational  level.  On  the  contrary,  the  decrease  of  activation  energy 
results  in  the  fact  that  the  most  fraction  of  energy  releasing  in  the  reaction  is  directed  to 
vibration  degrees  of  freedom  of  products.  Function  of  distribution  over  vibration  energy 
levels  acquires  the  prominent  maximum  that  shifts  to  the  level  for  which  Eva,  ~  AH,  as 
the  activation  energy  decreases. 

Thereby,  processes  which  activation  energy  E%°  is  low  in  comparison  with  translation 
temperature  of  reagents  take  place  with  the  highest  deviation  of  function  of  product  dis¬ 
tribution  over  vibration  energy  from  the  equilibrium  value.  Processes  with  high  activation 
energy  E®°  Ttr,  virtually  at  any  values  of  AH  do  not  lead  to  remarkable  energy  release 
into  vibration  degrees  of  freedom  of  products  and  can  not  cause  considerable  deviation  of 
energy  of  internal  degrees  of  freedom  from  the  equilibrium  values. 

Thereby,  the  thermally  non-equilibrium  reactions  model  suggested  in  this  paper  makes 
it  possible  to  evaluate  microconstants  of  process  rates  associated  with  certain  vibration 
states  of  reagents  AB(u)  and  products  BC(w).  Values  of  microconstants  are  completely 
determined  by  the  value  and  temperature  dependence  of  the  experimentally  measurable 
rate  constant  of  reaction  AB  -+-  C  — >-  A  -1-  BC  under  thermally  equilibrium  conditions 
and  the  value  of  energy  release  in  reaction  AH;  and,  along  with  this,  allowing  for  other 
molecular  constants  explicitly  is  not  required.  Comparison  of  calculations  by  the  suggested 
model  with  the  available  experimental  data  and  other  models  demonstrates  the  possibility 
to  use  it  for  various  processes. 
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Chapter  7 

Numerical  simulation  of  the 
hydrogen  oxidation  in  high-voltage 
pulsed  discharge 


7.1  The  stage  of  the  discharge 

The  stage  of  quasi-steady-state  electric  current  in  discharge  gap  is  characterized  by  two 
electrical  parameters,  namely  by  current  I  and  voltage  U.  After  closing  the  discharge 
gap,  one  may  estimate  the  electric  field  as  E  =  U/l,  where  l  is  a  distance  between  the 
electrodes.  Then,  taking  into  account  discharge  uniformity  in  the  cross-section  S  and 
relation 


I  =  enevdS  (7.1) 

it  is  possible  to  estimate  the  density  of  electrons  ne.  The  drift  velocity  vd  =  f(E/n,£i), 
where  &  —  are  particular  concentrations  of  N2,  02,  H2  and  H20,  was  calculated  on  the 
basis  of  Boltzmann  equation  for  low-energy  part  of  electron  energy  distribution  function 
(EEDF)  in  the  two- term  approximation  [14]. 

The  equation  for  the  quasi-steady-state  EEDF  for  the  mixture  of  l  gases  in  electric 
field  E  may  be  written  as  follows  [14]: 


Eh 

3  ZNiamti(e) 


+  E^-MeV,(e)-{/W  +  f^}  + 

+  ■£  Ba  ■  Nmrot)(e) '  {/(£)  +  7^  1  = 


e  de 

/  eai^jie') -e'f{e')de' 


e+£i 


e 


(7.2) 


where  e,  m,  M  are  the  charge,  mass  of  electron  and  mass  of  neutrals;  Be  is  a  rota¬ 
tional  constant;  crm(s),  arot (e)  are  the  transport  cross-section  for  electron  scattering  and 
cross-section  for  rotational  levels  excitation;  ( cr^  (e )  are  th  cross-section  of  nonequilibrium 
processes;  T  is  a  gas  temperature. 
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%V\:  'V.i 


It  was  necessary  to  take  into  account  both  change  of  the  chemical  composition  of  the 
mixture  in  the  process  of  hydrogen  conversion  and  change  of  the  mixture  pressure.  It  was 
supposed  that  the  main  components  responsible  for  the  EEDF  formation  are  N2,  O2,  H2 
and  H2O.  Processes  taken  into  consideration  for  EEDF  calculation  are  represented  in  the 
Table  7.1.  Transport  cross-sections  were  taken  from  [52,  44,  48]. 

On  the  basis  of  calculated  Vd  values  and  experimental  data  for  the  current  density 
j  =  I/S  maximum  density  of  electrons  in  the  discharge  was  estimated:  ne  =  j/(evd). 

Reduced  electric  field  values  E/n  and  electron  density  ne  for  initial  mixture  composi¬ 
tion  are  plotted  in  Fig.  7.1  for  different  pressures.  In  the  investigated  range  of  parameters 
reduced  electric  field  value  after  closing  the  discharge  gap  changes  from  E/n  =  800  Td  at 
low  pressures  to  400  Td  at  high  ones. 


E/n,Td  n,  lO’  cm’ 


2.4 
2.2 
2.0 
1.8 
1.6 

1 .4 
1.2 
1.0 


Figure  7.1:  Maximum  electron  density  and  initial  reduced  electric  field  value  in  the  dis¬ 
charge  cell  on  the  stage  of  a  high-current  discharge  vs  pressure. 

Maximum  electron  density  in  the  discharge  lies  in  the  range  ne  ~  1.3  — 2.2  x  1012  cm-3. 
This  value  is  in  a  good  agreement  with  the  results  of  previous  works  [27,  32], 

Energy  branching  in  the  mixture  H2-O2-N2  is  shown  in  Fig.  7.2.  The  maximum  energy 
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consumption  at  discharge  electric  field  corresponds  to  the  electronic  degrees  of  freedom. 
This  fact,  as  it  will  be  shown  below,  defines  the  major  role  of  process  with  electronically 
excited  molecules  in  the  process  of  hydrogen  oxidation.  Some  smaller  part  of  energy 
consumes  for  the  dissociation  and  ionization,  and  the  role  of  ionization  increases  with 
the  reduced  electric  field.  The  excitation  of  the  vibrational  degrees  of  freedom  in  such  a 
strong  fields  is  quite  poor. 


Figure  7.2:  Energy  branching  in  H2-O2-N2  mixture,  the  numbers  correspond  to  the 
energy  consumption  to  different  internal  degrees  of  freedom:  translational  1,  rotational  2, 
vibrational  3,  electronic  levels  excitation  4 ,  ionization  5,  dissociation  6  and  attachment  7. 


Table  7.1:  Processes  of  a  gas  excitation  by  direct  electron 
impact 


Process 

Ref.  , 

H2  excitation 

e  +  H2  e  +  H2(v  =  1) 

[35] 
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Table  7.1:  Processes  of  a  gas  excitation  by  direct  electron 
impact 


Process 

Ref. 

e  +  H2 

->  e  +  H2(v  =  2) 

[35] 

e  +  H2 

->•  e  +  H2(t/  =  3) 

[35] 

e  +  H2 

-¥  e  +  H2(rot) 

[35] 

e  +  H2 

-+  e  +  H2(d3nu) 

[34] 

e  +  H2 

-+  e  +  H2(osS+) 

[34] 

e  +  H2 

-)•  e  +  H  2(6%) 

[34] 

e  +  H2 

— >  e  +  H2(c3IIu) 

[34] 

e  +  H2 

-+  e  +  H2(B»'E+) 

[34] 

e  +  H2 

->  e  +  H  2(B'Ei) 

[34] 

e  +  H2 

-+  e  +  H2(£lS+) 

[34] 

e  +  H2 

->  e  +  Ha^II,,) 

[34] 

e  +  H2 

-+  e  +  H2(e3SJ) 

[34] 

e  +  H2 

->  e  +  H  +  H 

[35] 

e  +  H2 

— y  g  -f-  g  *f-  H2 

[35] 

c  +  H2 

-*■  H-  +  H 

[45] 

N2  excitation 

e  +  N2 

->■  e  +  N2(v  =  1) 

[41] 

6  +  N2 

-4  e  +  N2(v  =  2) 

[41] 

G  "1“  ^2 

-+  e  +  N2(v  =  3) 

[41] 

6  +  N2 

— )•  e  +  N2(v  =  4) 

[41] 

e  +  N2 

->  e  +  N2(v  =  5) 

[41] 

6  +  N2 

-+  e  +  N2(v  =  6) 

[41] 

e  +  N2 

-+  e  +  N2(v  =  7) 

[41] 

e  +  N2 

— )■  e  +  N2(v  =  8) 

[41] 

6  +  N2 

->  e  +  N2(v  =  9) 

[42] 

e  +  N2 

->  e  +  N2(v  =  10) 

[42] 

6  +  N2 

e  +  N2(i43E+) 

[39] 

e  +  N2 

-+  e  +  N2(B3nff) 

[39] 

e  +  N2 

->  e  +  N2(C3nu) 

[39] 

e  +  N2 

e  +  N2(W/’1Au) 

[39] 

e  +  N2 

e  +  N2(W3A„) 

[39] 

e  +  N2 

-+  e  +  N^'E") 

[39] 

e  +  N2 

g  +  N2(a1ni7) 

[39] 

e  +  N2 

— >  g  +  N2(ct1//S^) 

[39] 

6  +  N2 

->  e  +  N2(B13S") 

-[39] 

6  +  N2 

e  +  N^n*) 

[53] 

e  +  N2 

-)•  e  +  N2(£3E+) 

[39] 

e  +  N2 

-+  e  +  N2{Rydber ) 

[39] 

e  +  N2 

->  N2  ->  e  +  N(45°)  +  N(45°) 

[36] 

c  +  N2 

->  N  +  N 

[37,  38] 

e  +  N2 

e  +  e  +  Nj 

[57] 

e  +  N2 

-+  N(4s)  +  N+(3P)  +  e  +  e 

[55] 
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Table  7.1:  Processes  of  a  gas  excitation  by  direct  electron 
impact 


Process 

Ref. 

e  +  N2C?  =  0) 

-4 

e  +  N»0  =  2,4,6,8) 

02  excitation 

e  +  02(;'i) 

e  +  02(j2) 

[43] 

e  +  02 

e  +  02(t/  =  1) 

[45] 

e  +  02 

e  +  02(v  =  2) 

[45] 

e  +  02 

-> 

e  +  02(v  =  3) 

[45] 

e  +  02 

e  +  0  2(v  =  4) 

[45] 

e  +  02 

e  +  (^(fl^A^) 

[43] 

e  +  02 

e  +  0  2(6‘E+) 

[43] 

e  +  02 

e  +  02(B3E-) 

[43] 

e  +  02 

e  +  Oj(A»E+) 

[43] 

e  +  02 

e  +  02(Cr3Au) 

[54] 

e  +  02 

e  +  02(9.9eF) 

[43] 

e  +  02 

e  +  0  2(Rydberg) 

[43] 

e  +  02 

O2  (X2Ug)  -4  0 -(2P°)  +  0(3P) 

[56] 

e  +  02 

e  +  0  +  0 

[43] 

e  +  02 

e  +  0+  +  0_ 

[56] 

e  +  02 

e  +  e  +  02 

[57] 

e  +  02 

e  +  e  +  0(3P)  +  0 +(4S) 

[55] 

H20  excitation 

e  +  H20 

H"  +OH 

[46] 

e  4-  H20 

OH  +  H(2P) 

[48,  49] 

e  +  H20 

e  +  H20(7  eV) 

[48,  49] 

e  +  H20 

e  +  H20(14  eV) 

[48,  49] 

e  +  H20 

e  +  e  +  H20+ 

[57] 

e  +  H20 

-¥ 

e  +  e  +  OH+  +  H 

[47] 

e  +  H20 

e  +  H20(100+001) 

[48,  49] 

e  +  H20 

-* 

e  +  H2O(010) 

[48,  49] 

■i^bie  7.2:  Reactions  between  heavy  particles  included  into 
kinetic  scheme  A  -  1/s,  cm3/s,  cm6/s,  Ea  -  K 


Reaction 

n+ 

■3101 

A~ 

n 

E-tK 

Ref+ 

Ref” 

Ionization 

N2b(a,1I!^)4*N2(A3S3-) 

— f 

N++e  n 

5.0-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N2(a’1i:r)+N2(a,1r!-) 

—y 

N  J+e 

2.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N(2D)+N(2P) 

—y 

N++e 

1.0-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N(2P)+0 

-y 

NO++e 

1.0-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N(2P)+N(2P) 

—y 

N++e 

5.0-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[45] 

— 

N2(a’lE-)+N2(a’lBC) 

-y 

N2+N++e 

2.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[59] 

— 

N2(a’1Er)+N2(A3E+) 

—y 

N2+N*+e 

5.0-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[59] 

— 

■ ;  M  1  1  1  1 1  Ml1  1 1 

N++e 

-y 

N+N 

6.06-6 

-0.50 

0.0 

1.41-14 

1.0 

6.77+4 

[60] 

[61] 

NO++e 

-y 

N+O 

2.54-15 

0.37 

3.20+3 

1.10-12 

0.0 

3.19+4 

[68] 

[61] 

0++e 

-4 

O+O 

4.29-6 

-0.60 

0.0 

0.0 

0.0 

0.0 

[69] 

— 

Nj+e 

—y 

n2+n2 

2.80-5 

-0.50 

0.0 

0.0 

0.0 

0.0 

[68] 

— 

H3  +  +e 

—y 

h+h2 

4.0-6 

1  -0.50 

0.0 

0.0 

0.0 

0.0 

[68] 

— 

H2++e 

-y 

H+H 

2.25-6 

,  -0.40 

0.0 

0.0 

0.0 

0.0 

[60] 

— 

NH++e 

—y 

H+N 

1.48-6 

'  -0.50 

0.0 

0.0 

0.0 

0.0 

[60]  . 
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Table  7.2:  Reactions  between  heavy  particles  included  into 
kinetic  scheme  A  -  1/s,  cm3/s,  cm6/s,  Ea  -  K 


Reaction 

++ 

n+ 

KML1 

a- 

n 

era 

Ref+ 

Ref“ 

OHt+e 

— ► 

1.30-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[60] 

— 

H++e 

-f 

H 

2.28-10 

-0.70 

0.0 

0.0 

0.0 

0.0 

[69] 

— 

N++e 

— ► 

N 

1.73-10 

-0.70 

0.0 

0.0 

0.0 

0.0 

[69] 

— 

N20++e 

NO+NO 

2.25-5 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NsO*+e 

-f 

N2+NO 

2.25-5 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++e 

no+o2 

2.25-5 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20++e 

-+ 

n2+o2 

2.25-5 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++e 

NO+O 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20++e 

-> 

n2+o 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++e 

n+n2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++e+e 

N2+e 

1.40-8 

-4.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

OJ+e+e 

-f 

02+e 

1.40-8 

-4.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++e+e 

-y 

NO+e 

1.40-8 

-4.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++e+e 

-f 

N+e 

1.40-8 

-4.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

0++e+e 

O+e 

1.40-8 

-4.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N2+N++e 

-f 

n2+n2 

9.35-21 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

N2+OJ+e 

—4 

n2+o2 

9.35-21 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N2+NO++e 

n2+no 

9.35-21 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++N2+e 

-+ 

n+n2 

9.35-21 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

N2+0++e 

— ► 

n2+o 

9.35-21 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

N++02+e 

— ► 

n2+o2 

9.35-21 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

02+0++e 

o2+o2 

9.35-21 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N0++02+e 

-4 

no+o2 

9.35-21 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

N++02+e 

-4 

n+o2 

9.35-21 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

0++02+e 

-* 

o+o2 

9.35-21 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

H30++e 

h2+oh 

2.08-5 

-0.50 

0.0 

0.0 

0.0 

0.0 

[68] 

Hs++e 

H  +  H  +  H 

4.0-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[60] 

0++e 

->• 

0+0(xS) 

1.93-7 

-0.60 

0.0 

0.0 

0.0 

0.0 

[69] 

— 

0++e 

-> 

o+oc^) 

2.11-6 

0.0 

0.0 

0.0 

0.0 

[69] 

— 

N++e 

-4 

N+N(2D) 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++e 

-f 

N(2D)+0 

9.0-5 

-1.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++e 

-f 

N+N2(B3n,) 

4.30-7 

0.0 

0.0 

0.0 

0.0 

[70] 

— 

N^+e 

-4 

N+N2(A3S+) 

4.30-7 

-0.50 

0.0 

0.0 

0.0 

0.0 

[70] 

— 

Attachment 

N2+02+e 

-4 

n2+o- 

8.33-32 

0.0 

0.0 

4.20-16 

1.50 

4.99+3 

[61] 

[61] 

0+02+e 

-4 

O+OJ 

2.76-32 

0.0 

0.0 

1.0-16 

1.50 

5.33+3 

[61] 

[61] 

03+e 

-4 

o+o- 

1.0-9 

0.0 

0.0 

1.66-10 

0.0 

0.0 

[58] 

[61] 

-4 

o~+o2 

1.0-11 

0.0 

0.0 

5.0-15 

0.0 

[58] 

[58] 

N02+e 

— 4 

NO+O- 

1.0-11 

0.0 

0.0 

1.66-10 

0.0 

[58] 

[61] 

N20+e 

-4 

n2+o- 

2.0-10 

0.0 

0.0 

1.0-12 

0.0 

[58] 

[71] 

02+02+e 

—4 

o2+o- 

4.0-30 

0.0 

0.0 

9.0-15 

1.50 

4.99+3 

[61] 

[61] 

NO+NO+e 

-4 

NO+NO" 

7.80-26 

-1.50 

9.40+2 

3.30-10 

0.0 

1.22+3 

[72] 

[72] 

N20+N0+e 

-4 

n2o+no~ 

1.0-25 

-1.50 

9.70+2 

4.30-10 

0.0 

1.24+3 

[72] 

[72] 

N2+0+e 

— 4 

n2+o- 

5.51-30 

-0.50 

0.0 

4.0-13 

1.0 

1.69+4 

[61] 

[61] 

H2+NO+e 

-4 

h2+no~ 

1.56-27 

-1.50 

6.80+2 

6.30-12 

0.0 

9.60+2 

[72] 

[72] 

NH4+NO+e 

—4 

nh4+no- 

5.20-26 

-1.50 

4.10+2 

2.30-10 

0.0 

6.80+2 

[72] 

[72] 

N0+02+e 

-4 

NO+O" 

2.76-32 

0.0 

0.0 

1.0-16 

1.50 

5.33+3 

[61] 

[61] 

N2+N20+e 

-4 

n2+n2o- 

3.50-39 

2.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N02+02+e 

-4 

noj+o2 

3.0-28 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

N2+N02+e 

-4 

n2+noj 

8.0-28 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

N2(A3E+)+o- 

—4 

N+NO+e 

1.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[73] 

— 

o-+o3 

-4 

02+02+e 

5.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[73] 

0+02+e 

-4 

o~  +o2 

4.0-30 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

02+03+e 

-4 

o2+oj 

3.97-30 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

N02+0+e 

—4 

N02+0“ 

8.33-31 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

-4 

0+0- 

8.33-31 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

NO+O+e 

-4 

NO+O" 

8.33-31 

0.0 

0.0 

0.0 

0.0  ! 

0.0 

_ [$il _ 

— 

Detachment 

N+O” 

-4 

NO+e 

2.60-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO"  +O 

-4 

N03+e 

1.0-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

0+0" 

—4 

02+e 

1.40-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

— 

N+O" 

-4 

N02+e 

5.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

h2+o~ 

-4 

H20+e 

8.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

h2o+o- 

-4 

H202+e 

6.0-13 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

H+OJ 

-4 

H02+e 

1.20-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

h-+o2 

-4 

H02+e 

1.20-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

H+H~ 

-4 

H2+e 

1.80-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

0H“+0 

— 4 

H02+e 

1.80-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

H+OH" 

-4 

H20+e 

1.0-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

0-+02(a1A17) 

—4 

03+e 

4.0-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[45] 

02(a1A»)+0- 

-4 

02+02+e 

2.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[72] 

02(blS+)+OJ 

-4 

02+02+e 

3.60-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[72] 

n2(a3£+)+o- 

~4 

N2+02+e 

2.10-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[72] 

N2(alns)+0“ 

-4 

N2+02+e 

2.50-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[45] 
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Table  7.2:  Reactions  between  heavy  particles  included  into 
kinetic  scheme  A  -  1/s,  cm3/s,  cm6/s,  Ea  -  K 


5.0-9 

2.50-9 

6.90-10 

2.20-9 

1.90-9 

1.40-10 

4.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

eT,  K 
0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

A~ 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

n 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

E~y  K 
0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Reft- 

[45] 

[72] 

[58] 

[58] 

[58] 

[61] 

[71] 

Ref" 

2.45-31 

-0.63 

0.0 

4.07 

-2.50 

4.80+4 

[58] 

[74] 

2.45-31 

-0.63 

0.0 

4.07 

-2.50 

4.03+4 

[58] 

[74] 

2.76-34 

0.0 

-7.20+2 

4.07 

-2.50 

4.80+4 

[58] 

[74] 

2.76-34 

0.0 

-7.20+2 

4.07 

-2.50 

4.03+4 

[58] 

[74] 

8.27-34 

0.0 

-5.0+2 

3.80+5 

-3.50 

4.16+4 

[58] 

[74] 

8.27-34 

0.0 

-5.0+2 

3.80+5 

-3.50 

4.16+4 

[58] 

[74] 

2.76-34 

0.0 

-7.20+2 

2.54-12 

0.0 

0.0 

[74] 

[58] 

6.60-12 

0.0 

0.0 

6.60-12 

0.0 

7.66+3 

[75] 

[70] 

5.0-11 

0.0 

0.0 

4.0-11 

0.0 

0.0 

[76] 

[70] 

2.0-12 

0.0 

0.0 

3.0-16 

0.0 

0.0 

[77] 

[76] 

2.40-10 

0.0 

0.0 

2.40-10 

0.0 

1.37+4 

[58] 

[70] 

2.0-13 

0.0 

0.0 

2.0-13 

0.0 

1.22+4 

[58] 

[70] 

2.75-34 

0.0 

-7.20+2 

2.80-11 

0.0 

0.0 

[74] 

[58] 

1.76-31 

-0.50 

0.0 

3.60-10 

0.0 

0.0 

[74] 

[58] 

1.0-11 

0.0 

0.0 

1.0-11 

0.0 

3.05+4 

[58] 

[70] 

8.60-31 

-1.25 

0.0 

1.80-11 

0.0 

0.0 

[74] 

[58] 

2.30-15 

0.0 

0.0 

2.30-15 

0.0 

7.66+3 

[58] 

[70] 

1.50-16 

0.0 

0.0 

1.50-16 

0.0 

7.66+3 

[58] 

[70] 

8.0-14 

0.0 

0.0 

8.0-14 

0.0 

7.66+3 

[58] 

[70] 

5.0-15 

0.0 

0.0 

5.0-15 

0.0 

7.66+3 

[781 

[70] 

8.30-13 

0.0 

0.0 

8.30-13 

0.0 

7.66+3 

[78] 

[70] 

1.10-9 

0.0 

0.0 

1.10-9 

0.0 

5.79+4 

[76] 

[70] 

4.60-10 

0.0 

0.0 

4.60-10 

0.0 

2.89+4 

[70] 

[70] 

3.30-11 

0.0 

0.0 

3.30-11 

0.0 

4.27+4 

[70] 

[70] 

1.60-12 

0.0 

0.0 

1.13-12 

0.0 

4.15+4 

[70] 

5.50-11 

0.0 

0.0 

5.50-11 

0.0 

2.32+3 

[79] 

[70] 

5.50-11 

0.0 

0.0 

5.50-11 

0.0 

1.37+4 

[79] 

[70] 

2.0-14 

0.0 

6.0+2 

0.0 

0.0 

0.0 

[58] 

— 

2.0-11 

0.0 

2.30+3 

0.0 

0.0 

0.0 

[58] 

— 

2.80-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[76] 

— 

3.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

2.7-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[102] 

— 

1.29-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

9.0-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[102] 

— 

3.2-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[102] 

— 

3.9-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[102] 

— 

2.10-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

5.0-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

3.0-21 

0.0 

0.0 

0.0 

0.0 

0.0 

[78] 

— 

3.0-18 

0.80 

0.0 

0.0 

0.0 

0.0 

[78] 

— 

7.0-16 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

2.50-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

7.80-14 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

7.0-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

1.0-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

5.54-4 

-2.64 

0.0 

0.0 

0.0 

0.0 

[80] 

— 

3.0-18 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

1.29-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

4.0-17 

0.0 

0.0 

0.0 

0.0 

0.0 

[75] 

— 

3.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

1.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

1.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

1.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

1.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

1.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

3.0-18 

0.0 

0.0 

0.0 

0.0 

0.0 

[78] 

— 

4.50-18 

0.0 

0.0 

0.0 

0.0 

0.0 

[78] 

— 

4.0-15 

0.0 

0.0 

0.0 

0.0 

0.0 

[78] 

— 

2.0-17 

0.0 

0.0 

0.0 

0.0 

0.0 

[78] 

“““ 

3.40-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[78] 

— 

2.30-15 

0.0 

0.0 

0.0 

0.0 

0.0 

[78] 

— 

6.70-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[78] 

7.90-13 

0.0 

0.0 

0.0 

0.0 

0.0 

[78] 

— 

1.80-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[78] 

8.0-14 

0.0 

0.0 

0.0 

0.0 

0.0 

[78] 

— 

1.30-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[78] 

Reaction  _ 

N2(ft’lEu)+°r 

N2(B3ns)+or 

0-+02(b1Ep 

N2(A3E+)+o- 

N2(B3n!,)+o- 

o+o- 

N+07  _ 

Excitation 

o+o+o2 

0+0+02 

n2+o+o 

N2  4*0+0 

n+n+o2 

n+n+n2 

N2+0+0 

02<blE+)+03 

N+N2(A3E+) 

N2+N2(B3ns) 

N2(B3n,)+NO 

N2+N2(&’1£u  ) 

N2+O+O 

N+N2+O 

N2+N2(C3nu) 

0+02+02 

N2+02(b1Ei') 

0*+02(blE+) 

0+02(b1E+) 

N0+02(blS+) 

H2+02(bl£+) 

N2(A3£+)+N2(A3£+) 

N2(A3E+)+N2(B3n„) 

N2+N2(C3nu) 

N(2P)+N 


N2+02+e 
— ►  N2+02+e 

-4  0+02+e 

N2+0+e 
-*  N2+0+e 

— ►  02+02+e 

-»  NO+O+e _ 

and  Quenching 
— ►  O2  +02  (a1  An) 

— f  02+02(b1Sp  ) 

-+  N2+02(a1Ao) 

— ►  N2+02(b1Ey  ) 

-+  n2(a3e+)+o2 

— y  n2+n2(A3e+) 

->  n2(a3e+)+o2 

-+  02(a1Ay)+03 

-+  N(2P)+N2 

N2+N2(A3E+) 

-+  N2(A3E+)+NO 

N2+N2(B3n,) 
N2(aflEu)+02 
N2(a’1S^  )+NO 
-►  N2+N2(a’1Su) 

-►  02  (b1Ej')+03 

-+  N2+02(a^Ay) 

—►  02+02(alAff) 

-+  0+02(a1Aff) 

-+  N0+02(a1Aff) 

— ►  H2+02(a1As) 

-+  N2+N2(B3nff) 

— ►  N2+N2(C3IIu) 

-4  N2+N2(B3nff) 

-►  N+N 

-¥  N2(A3E+)+02(a1AJ7) 

n2(a3eJ)+o2 

-+  NO+O 
— ♦  02  +02  (a1  A  g  ) 

-►  N2+NO 
-+  N2+0+0 

-¥  N2+O+O 
-+  N2+02(b1S+) 

-►  N2+N2 

-f  N2+H2 
-+  N2+H20 

-►  N2+0 

-»  n+n2 
— +  n2+o2 

— ►  o2+o2 

— +  0+02 

-►  no+o2 

-v  N20+0 
-►  N(2D)+NO 

-►  n+n2+no 
— ¥  N2+N2(C3nu ) 

n2+n2 

— ¥  N2+02(a*Aj) 

— ►  02+02 

-+  N+N+ 

-¥  o2+o2+o~* 

— ¥  02+02+02 

—¥  O+Oj 

-¥  o2+o2+o^ 

— ¥  o2+o2+o2 

-V  H20+02 
-4  H2+02 

— ►  o2+o3 

— ►  02+02(b1E]j") 

-¥  0+0+0 
-4  N2+02 

-4  H20+02 

— ¥  H2+02 

— ►  o2+o3 

-►  o+o2 
-f  o+o2(A3E+) 


N2(B3nff)+o2 
N2(B3n?)+o2 


9) 


N+02(a  A g 

o+o3 

N2(A3E+)+NO 

N2(B3n?)+o2 

N2(c3nu)+o2 

N2(A3E+)+o2 

N2(C3nu)+N2 

N2(C3nu)+H2 

N2(c3nu)+H2o 

N2(A3E+)+o 

n+n2(a3e+) 

N2+02(a  Aff) 
02+02(a1  A  g) 
0+02(a1  Aff) 
N0+02(a1As) 
N2(A3E+)+o2 
N2(A3E+)+o 
N2(A3E+)+N2o 
N2(A3E+)+N2(A3E+) 


N2+N2(A3eJ) 
n2(a3eJ)+o2 
02+02(blE+) 
N2(A3E+)+N+ 
02(a1A9)+0+ 
02(b1E+)+0+ 
0“+02(a1Aff) 
02(alA,)+0“ 
02(blE+)+0" 
H20+02(a1As) 
H2+02(al  A$) 

02(a1A9)+Os 

02(alAs)+02(a1As) 

0(lS)+02(al  Aj) 

N2+02(b1E+) 

H20+02(b1S^') 

H2+02(b1E+) 

02(blE+)+03 

0+02(blE+) 

0(1S)+02(a1  Aq) 
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Table  7.2:  Reactions  between  heavy  particles  included  into 
kinetic  scheme  A-l/s,  cm3/s,  cm6/s,  Ea  -  K 


A* 

n* 

eT,  k 

A~ 

n~~ 

1  d 

fcl 

Ref* 

Ref” 

N2+N2(a,1£u)  “►  N2+N2 

n+n+n2  -►  N2+N2(B3IIy) 

N(2D)+n+n2  -*  N2+N2(c3nu) 

N+N2(B3Ilff)  -+  N(2P)+N2 

N+N2(C3IIu)  -4  N(2P)+N2 

N+N2(aaS")  -4  N(2P)+N2 

02(a1Aff)+Os  -4  0+02+02 

N2(c3nu)+o2  -4  N2(A3£+)+02 

n2(c3iiv)+o2  -4  n2+o+o(xd) 

0(1S)+02(a1  Aff )  -4  0+02(axA  g) 

0(1S)+02(a1A  g)  “4  0(2P)+02(axAy) 

N2+N2(B3ny)  -4  N2+N2 

N2(c3nu)  -4  N2(B3n,) 

N2(B3n«)  -4  N2(A3sf) 

n2(a3e+)  -4  N2 

N2(a*xS3-)  “►  N2 

N+N+N2  -4  N2+N2(A3E+) 

N2+0+0  “4  N2+02(A3E+) 

n2(a3e+)+o2  -4  n2+o2 

N2+N2(C3IIu)  -4  n2+n2 

N2(C3IItt)+02  -4  N2+o2 

n2  (c3nu  >+no  *4  n2+no 

0(1D)+02  -4  0+02(a1  Aff ) 

0”+0+  -4  o+o(6P) 

0”+0+  *4  0(1D)4*0(6S) 

N2(A3E*)+NH3  -4  N2+NH3 

N2+N2(a,1E”)  -4  N2+N2(A3E+) 

n+n+n2  -4  N2+N2(C3nu) 

N+N2(B3ny)  “►  N+N2(aaE“) 

N+N2(B3nff)  -4  N+N2(A3E+) 

N+N2(b3E„)  -4  N+N2(B3IIy) 

N+N2(C3nu)  -4  N+N2(B3IIy) 

N+N2(W3Au)  -4  N+N2(B3nfl) 

N2(B3IIy)  -4  N2(W3Au) 

N2(b3Eu)  -4  N2(B3nff) 

N2(a1ny)  -4  N2 

N2(wxAu)  “4  N2 

0(1S)+02  -4  o+o2 

O+O^S)  -4  O+O 

N(2D)+0+  -4  N++O 

N20+0(xD)  “4  NO+NO 

N2o+o(lD)  -4  n2o+o 

H20+0(lD)  “4  OH+OH 

H20+0(1D)  -4  h2o+o 

H2+0(1D)  -4  H+OH 

H2+0(lD)  -4  h2+o 

H20+0(xD)  -4  h2+o2 

0(1S)+02(a1Ay)  -4  0(1D)+02(b1E+) 

N(2D)+02  -4  NO+O 

N(2D)+NO  -4  n2+o 

N(2D)+N20  -4  n2+no 

N(2D)+N2  -4  n+n2 

N(2P)+02  -4  NO+O 

N(2P)+NO  -4  n2+o 

N(2P)+N2  -4  n+n2 

N+N(2P)  -4  N+N(2D) 

0(xD)+02  -4  0+02(bxE+) 

0(1D)+02  -4  o+o2 

N2+0(1D)  -4  n2+o 

N20+0(lD)  -4  n2+o2 

N2(B’3E”)+N2  -4  N2(B3no)+N2 

H2(d3nu)  -4  H2(o3Ey  ) 

H2(a3E+)  -4*  H+H 

H2(c3nu)  -4  h2 

H2(B»xE+)  -4  H2 

H2(B  xE+)  -4  H2 

H2(c1n")  -4  h2 

02(B3E”)  -4  o2 

H(2P)  -4  H 

H(4S)  -4  H 

N+02  -4  NO+O 

n+o3  -4  no+o2 

N+NO  *4  N2+0 

N+NO2  -4  N2o+o 

N+N02  *4  NO+NO 

NO2+O  -4  no+o2 

no+o3  -4  no2+o2 

N0+N03  “4  no2+no2 

no2+no3+o2  -4  n2o6+o2 

6.0-14 

2.40-33 

1.0-34 

1.0-10 

3.0-10 

3.0-10 

5.20- 11 

1.35-11 

1.35-11 

2.75-10 

2.75-10 

1.0-12 

2.73+7 

1.25+5 

5.26-1 

2.0 

2.40- 33 

2.10- 37 
1.90-12 

5.0-11 

1.11- 10 
2.0-11 
1.0-12 

5.0-8 

1.50-8 

8.20- 11 

2.0-13 

1.0-34 

3.30-11 

1.0-10 

1.0-10 

3.30-11 

3.30- 11 
7.46+4 
2.20+4 
8.70+3 

4.0+3 

2.45-12 

2.50- 11 

1.30- 10 

7.20- 11 
1.0-12 

2.80-10 
2.80-10  ! 
1.10-10 
1.10-10 

2.30- 12 

3.60-11 

4.30- 13 

7.0-11 

3.50- 12 
6.0-15 

2.60-12 

3.40- 11 
2.0-18 

1.80-12 

1.70- 5 

3.20- 11 

3.20- 11 

7.40- 11 

1.0-11 

1.5+7 

9.6+7 

9.8+2 

1.0+8 

1.2+9 

1.2+9 

1.3+7 

2.0+8 

1.0+8 

1.59-12 

3.32-14 

2.20- 11 

7.97- 12 
6.64-12 

9.97- 12 
8.0-13 

1.70- 11 
5.90-29 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.50 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

-2.50 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.50 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

-1.27 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2.84+3 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

8.60+2 

3.10+2 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

3.40+2 

-6.70+1 

1.07+2 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

3.70+3 

2.93+2 

0.0 

0.0 

0.0 

0.0 

1.20+3 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

4.61-13 

8.49-12 

6.39-11 

1.06-12 

1.13-12 

3.71-11 

3.16-10 

5.30- 11 
1.24-10 
1.92-11 

3.60- 11 
2.85-13 
3.64-10 
2.38-13 
7.33-15 
9.96-13 
1.02-10 
2.59-18 
1.04-12 

0.0 

7.89-12 

3.61- 11 
8.53-12 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

5.31- 15 
2.21-15 
9.83-11 

1.10-8 

1.79-13 

3.29-10 

1.10-12 

4.50-10 

1.74+8 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.50 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Q.O 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1. 

0.0 

0.0 

-1.0 

0.0 

-0.50 

0.0 

0.0 

-4.40 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

4.95+4 

4.88+4 

1.76+4 

4.09+4 

2.28+4 

1.44+4 

2.28+4 

2.18+4 

2.28+4 

2.38+4 

1.80+3 

4.37+4 

6.55+4 

8.36+4 

2.77+4 

5.75+4 

7.93+4 

4.15+4 

1.38+4 

0.0 

2.29+4 

2.29+4 

6.27+4 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
0.0 
0.0 
1.97+4 
6.34+4 
3.75+4 
2.11+4 
3.92+4 
2.36+4 
2.51+4 
1.85+4 
[  1.11+4 

[77] 

[77] 

[70] 

[70] 

[70] 

[70] 

[79] 

[79] 

[79] 

[81] 

[81] 

[76] 

m 

[82] 

[82] 

[82] 

[83] 

[84] 

[76] 

[45] 

[45] 

[45] 

[45] 

[69] 

[69] 

[76] 

[59] 

[70] 

[85] 

[85] 

[85] 

[85] 

[85] 

[53] 

[53] 

[53] 

[53] 

[81] 

[81] 

[58] 

[75] 

[75] 

[86] 

[86] 

[75] 

[75] 

[75] 

[78] 

[58] 

[76] 

[76] 

[58] 

[58] 

[58] 

[58] 

[58] 

[45] 

[87] 

[86] 

[86] 

[103,  104] 

[107] 
[106] 

[108] 
[110] 
[111] 
[111] 
[106] 
[105] 
[105] 

[61] 

[61] 

[61] 

[61] 

[61] 

[98] 

[61] 

[58] 

[58] 

• 

m 

+ 

• 

• 

m 

m 

[70] 

+ 

m 

m  j 

• 

m 

* 

* 

♦ 

♦ 

[61] 

* 

[61] 

[61] 

[61] 

[61] 

[61] 

[95] 

.  [75] 

95 


Table  7.2:  Reactions  between  heavy  particles  included  into 
kinetic  scheme  A  -  1/s,  cm3/s,  cm6/s,  Ea-  K 


Reaction 

N2+K02+NCi 

N0+N02+02 

N+N+N2 

N0+04*02 

N0+N02+0 

n+n+o2 

N+N+NO 

n+n+n 

N+N+O 

N2+0+0 

o+o+o2 

0+0+0 

N+o+o 

NO+O+O 

n+n2+o 

n+o+o2 

N+N+O 

N+O+O 

N+NO+O 

n2+o+o2 

O+O2+O3 

o+o2+o2 

o+o3 

n2+no+o 

NO+NO+NO 

ho2+n2+no2 

HO2+NO 

NH+NO 

OH+NH 

NH+O 

NH+NH 

N+NH 

H+NH 

NH+O 

OH+NH 

OH+NH2 

NH2+0 

H+NH2 

NH3+O 

OH+NH3 

H+NH3 

NO+NO+O 

H2+NO 

h+no2 

HNO+O 

HNO+OH 

hno+no2 

HNO+HNO 

HONO+O 

H+HONO 

h+n2o 

oh+n2o 

H+NO 

n2+no+o2 

n2o+n2 

n2o+o 

n2o+o 

NO+NO 

n2o+no 

no+no+o2 

n2o+no+o 

n2+no2+no2 

no2+no2+o2 

n2o4+no2+no2 

N02+N02+N02 

n2o6+no2+no3 

N0+N02+N03 

n+no2 

n+no2 

no3+o 

N02+03 

N03+N03 

N02+0+02 

n2+no2+o 

N3+0 

n+n3 

N3+N3 

oh+n2+no 

oh+n2+no2 

0H+H0N02 

oh+no2+o2 

ho2no2+o2 

OH+O 

H+03 

h2+oh 

OH+OH 

OH+OH+N2 

oh+ho2 

oh+o3 _ 


M2+N205 

no2+no3 

n2+n2 

N02+02 

no2+no2 

n2+o2 

n2+no 

n+n2 

n2+o 

n2+o2 

o2+o2 

o+o2 

n+o2 

no+o2 

n2+no 

no+o2 

N+NO 

NO+O 

NO+NO 

N2+03 

03+03 

02+03 

02+02 

n2+no2 

n2o+no2 

ho2no2+n2 

oh+no2 

oh+n2 

h2+no 

h+no 

h2+n2 

h+n2 

h2+n 

oh+n 

h2o+n 

h2o+nh 

OH+NH 

h2+nh 

oh+nh2 

h2o+nh2 

h2+nh2 

no+no2 

H+HNO 

OH+NO 

OH+NO 

h2o+no 

HONO+NO 

H2O+N2O 

oh+no2 

h2+no2 

oh+n2 

ho2+n2 

OH+N 

n2+no3 

n2+o+n2 

n2+o2 

NO+NO 

n2+o2 

n2+no2 

no2+no2 

n2o+no2 

n2+n2o4 

n2o4+o2 

n2o4+n2o4 

n2o4+no2 

n2o6+n2o5 

n2o6+no 

n2+o2 

n2+o+o 

no2+o2 

no3+o2 

no2+no2+o2 

no3+o2 

n2+no3 

n2+no 

n2+n2 

n2+n2+n2 

hono+n2 

hono2+n2 

h2o+no3 

hono2+o2 

ho2+no2+o2 

h+o2 

oh+o2 

h+h2o 

h2o+o 

h2o2+n2 

h2o+o2 

ho2+o2 _ 


5.90-29 

0.0 

7.44-32 

4.0-33 

2.40- 27 
3.0-32 

3.03-32 

3.31-27 

3.03-32 

9.18-31 

4.08-30 

1.10- 29 
8.27-33 
8.27-33 
2.76-28 

2.76- 28 
5.51-27 
5.51-27 
5.51-27 

3.50- 35 

1.50- 34 

4.10- 35 

1.40- 12 
4.0-33 

3.47-38 

2.10- 31 

3.70- 12 

4.20- 12 
2.60-12 

8.30- 12 

6.60- 13 

1.77- 11 

1.70- 12 

1.40- 11 

2.60- 12 
5.0-14 

1.50- 12 

2.30- 13 

1.30- 12 

6.60- 14 

3.20- 13 

2.40- 27 

2.30- 11 

1.40- 10 
3.0-11 
8.0-11 
1.0-12 

1.40- 15 
2.0-11 

2.10- 14 

6.30- 10 

1.40- 11 

4.40- 10 

1.41- 26 
8.47-6 

8.30- 12 
1.50*10 

5.64-3 

4.17-10 

2.0-38 

2.40- 27 
9.0-28 
9.0-28 
9.0-28 
9.0-28 

5.90-29 

5.90-29 

7.0-13 

9.10- 13 
1.0-11 

1.20- 13 
5.0-12 

7.10- 27 
7.10-27 

1.0-11 

1.60- 11 

1.40- 12 
5.73-25 
1.27-23 

9.50- 15 
3.36-23 

3.60-6 

8.47-12 

1.40- 10 

4.20- 10 

4.20- 12 

6.50- 31 

4.60- 11 

1.60- 12 


-1.27 

EJ,  K 
0.0 

A~ 

2.80+12 

-6.10 

E~,  K 
1.11+4 

Ref+ 

58]  ~ 

Ref 

“W" 

0.0 

-4.0+2 

2.30-13 

0.0 

1.60+3 

89] 

[58] 

-0.50 

0.0 

8.17-7  . 

-0.50 

1.13+5 

61] 

[61] 

0.0 

-9.70+2 

2.61-7 

0.0 

3.63+4 

61 

[61] 

-1.80 

0.0 

7.30-8 

0.0 

3.30+4 

58 

[74] 

-0.50 

0.0 

3.32-7 

-0.50 

1.13+5 

61 

[61] 

-0.50 

0.0 

3.32-7 

-0.50 

1.13+5 

61 

[61] 

-1.50 

0.0 

3.62-2 

-1.50 

1.13+5 

61 

[61] 

-0.50 

0.0 

3.32-7 

-0.50 

1.13+5 

61] 

[61] 

-1.0 

0.0 

6.71-4 

-1.50 

5.95+4 

61 

[61] 

-1.0 

0.0 

3.0-3 

-1.50 

5.95+4 

61 

[61] 

-1.0 

0.0 

8.0-3 

-1.50 

5.95+4 

61 

[61] 

-0.50 

0.0 

6.04-6 

-1.0 

5.95+4 

61! 

[61] 

-0.50 

0.0 

6.04-6 

-1.0 

5.95+4 

61 

[61] 

-1.50 

0.0 

6.74-4 

-1.50 

7.55+4 

61 

[61] 

-1.50 

0.0 

6.74-4 

-1.50 

7.55+4 

61 

[61] 

-1.50 

0.0 

1.35-2 

-1.50 

7.55+4 

[61 

[61] 

-1.50 

0.0 

1.35-2 

-1.50 

7.55+4 

[61 

[61] 

-1.50 

0.0 

1.35-2 

-1.50 

7.55+4 

[61 1 

[61] 

0.0 

-9.0+2 

3.20-9 

0.0 

1.20+4 

[61 

[61] 

0.0 

-7.50+2 

7.70-9 

0.0 

1.20+4 

61 

[61] 

0.0 

-9.0+2 

3.40-9 

0.0 

1.20+4 

61 

[61] 

0.0 

1.50+3 

1.10-11 

0.0 

4.96+4 

61 

[61] 

0.0 

-9.70+2 

2.61-7 

0.0 

3.63+4 

61 

[61] 

0.0 

1.36+4 

1.10-29 

0.0 

3.17+4 

89 

0.0 

0.0 

5.0-6 

0.0 

1.0+4 

86 

[75] 

0.0 

-2.40+2 

3.0-11 

0.0 

3.36+3 

T®' 

[88] 

0.0 

0.0 

1.70-11 

0.0 

4.69+4 

90] 

0.60 

7.55+2 

8.44-11 

0.60 

3.53+4 

90] 

0.0 

0.0 

1.15-10 

0.0 

3.35+4 

90; 

0.55 

9.57+2 

8.69-11 

0.55 

8.24+4 

90 

0.0 

0.0 

5.69-10 

0.0 

7.13+4 

90 

0.68 

9.57+2 

6.96-12 

0.68 

1.11+4 

[90] 

0.70 

5.0+1 

2.45-11 

0.70 

9.15+3 

[90] 

0.56 

7.55+2 

3.87-11 

0.56 

1.83+4 

[90] 

0.68 

6.54+2 

1.43-13 

0.68 

1.66+4 

[90] 

0.50 

0.0 

5.04-13 

0.50 

7.50+3 

90 

0.67 

2.16+3 

1.81-13 

0.67 

1.07+4 

90 

0.50 

0.0 

6.03-14 

0.50 

-2.88+3 

90] 

0.68 

5.54+2 

2.60-14 

0.68 

6.07+3 

90) 

0.67 

1.72+3 

3.48-14 

0.67 

-1.60+2 

90 

-1.80 

0.0 

9.87-21 

-1.80 

3.62+4 

58] 

0.0 

2.84+4 

3.0-11 

0.0 

5.0+2 

88] 

[88] 

0.0 

0.0 

1.16-12 

0.0 

1.49+4 

[88] 

0.0 

0.0 

9.69-12 

0.0 

2.67+4 

[88] 

0.0 

5.0+2 

2.20-10 

0.0 

3.56+4 

[88] 

0.0 

1.0+3 

1.25-12 

0.0 

1.59+4 

[88] 

0.0 

1.56+3 

9.52-14 

0.0 

4.53+4 

[88] 

0.0 

3.0+3 

5.18-12 

0.0 

1.48+4 

[88] 

1.0 

6.80+1 

1.27-14 

1.0 

1.29+4 

[88] 

0.0 

9.80+3 

6.10-13 

0.0 

3.91+4 

[99] 

0.0 

5.0+3 

1.31-12 

0.0 

1.93+4 

[88] 

[75] 

0.0 

2.54+4 

4.90-11 

0.0 

0.0 

[91] 

-2.0 

2.30+4 

1.50-11 

-2.0 

2.32+4 

[89] 

[89] 

-1.12 

3.00+4 

5.02-38 

0.0 

0.0 

[96,  101] 

[112] 

0.0 

1.40+4 

1.50-12 

0.50 

5.32+4 

[97] 

[61] 

0.0 

1.41+4 

3.64-10 

0.0 

3.93+4 

[97] 

[61] 

-2.0 

4.31+4 

7.57 

-2.50 

6.46+4 

[61] 

[61] 

0.0 

2.52+4 

1.91-10 

0.0 

4.19+4 

[61] 

0.0 

0.0 

3.32-12 

0.0 

1.36+4 

[61] 

[95] 

-1.80 

0.0 

9.87-21 

-1.80 

3.62+4 

[58] 

-2.50 

0.0 

2.21-18 

-2.50 

6.45+3 

[58] 

-2.50 

0.0 

2.21-18 

-2.50 

6.45+3 

[58] 

-2.50 

0.0 

2.21-18 

-2.50 

6.45+3 

[58] 

-2.50 

0.0 

2.21-18 

-2.50 

6.45+3 

[58] 

-1.27 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

-1.27 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

0.0 

2.45+3 

0.0 

0.0 

0.0 

[58] 

— 

0.0 

3.0+3 

0.0 

0.0 

0.0 

[58] 

— 

-2.0 

0.0 

0.0 

0*0 

0.0 

[58] 

— 

-2.0 

0.0 

0.0 

0.0 

0.0 

[68] 

— 

0.0 

0.0 

0.0 

0.0 

0.0 

[89] 

— 

0.0 

0.0 

0.0 

0.0 

0.0 

[89] 

— 

0.0 

0.0 

0.0 

0.0 

0.0 

[89] 

— 

-2.40 

0.0 

0.0 

0.0 

0.0 

[86] 

— 

-2.70 

0.0 

0.0 

0.0 

0.0 

[86] 

— 

0.0 

-7.78+2 

0.0 

0.0 

0.0 

[75] 

— 

-2.90 

0.0 

0.0 

0.0 

0.0 

[75] 

— 

0.0 

1.0+4 

0.0 

0.0 

0.0 

[75] 

— 

0.0 

-3.75+2 

3.10-10 

0.0 

8.46+3 

[99,  100] 

[90] 

0.0 

4.80+2 

1.18-12 

0.0 

3.92+4 

[86] 

[90] 

0.0 

5.03+3 

1.58-10 

0.0 

1.02+4 

[90] 

0.0 

2.40+2 

2.49-14 

1.14 

8.69+3 

[87] 

[91] 

0.0 

0.0 

2.0-7 

0.0 

2.29+4 

[86] 

[91] 

0.0 

-2.30+2 

3.25-10 

0.0 

3.40+4 

[87] 

* 

0.0 

9.40+2 

3.91-13 

0.0 

2.25+4 

[87] 
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Table  7.2=  Reactions  between  heavy  particles  included  into 
kinetic  scheme  A  -  1/s,  cm3/s,  cm6/s,  Ea  -  K 


[  Reaction 

Kfla 

A~ 

n 

■39311 

Ref+ 

Ref“  1 

— ► 

ho2+o3 

3.76-21 

0.0 

1.39+4 

1.10-14 

0.0 

5.0+2 

[70] 

H2+0 

-y 

H+OH 

2.50-17 

2.0 

3.8+3 

2.27-11 

0.0 

2.30+2 

[92] 

H+H+H2 

H2+H2 

2.68-31 

-0.60 

0.0 

2.14-26 

-0.60 

5.20+4 

[91]  ! 

H+H20+0H 

— ► 

h2o+h2o 

3.86-25 

-2.0 

0.0 

1.12-19 

-2.0 

5.94+4 

[91] 

H+OH+N2 

-f 

h2o+n2 

7.72-26 

-2.0 

0.0 

3.30-8 

0.0 

5,29+4 

[91] 

[90] 

H+H2+OH 

— ► 

h2+h2o 

7.72-26 

-2.0 

0.0 

3.30-8 

0.0 

5.29+4 

[91] 

[90] 

H+N2+O 

-f 

oh+n2 

1.66-31 

0.0 

-3.0+2 

5.68-27 

0.0 

5.07+4 

[91] 

H+H2+O 

h2+oh 

6.64-32 

0.0 

-3.0+2 

2.27-27 

0.0 

5.07+4 

[91] 

H+H20+0 

-+ 

h2o+oh 

4.32-31 

0.0 

-3.0+2 

1.48-26 

0.0 

5.07+4 

[91] 

H+H02 

— ► 

OH+OH 

4.15-10 

0.0 

9.50+2 

1.69-11 

0.0 

1.82+4 

[91] 

H202+0H 

-y 

H2O+HO2 

3.30-12 

0.0 

2.0+2 

9.69-12 

0.0 

1.79+4 

[87] 

H+H202 

-y 

H20+0H 

1.66-11 

0.0 

1.80+3 

5.65-13 

0.0 

3.62+4 

[91] 

-> 

HO2+O2 

1.77-29 

-1.0 

0.0 

0.0 

0.0 

0.0 

[75] 

H+HO2 

— ► 

h2o+o 

9.40-13 

0.0 

0.0 

0.0 

0.0 

0.0 

[86] 

H+N2+O2 

—y 

H02+N2 

1.80-29 

-1.0 

0.0 

0.0 

0.0 

0.0 

[86] 

HO2+O 

-y 

0H+02 

3.10-11 

0.0 

-2.0+2 

0.0 

0.0 

0.0 

[87] 

H2O2+O 

—y 

OH+HO2 

2.70-12 

0.0 

2.10+3 

0.0 

0.0 

0.0 

[86] 

— 

H2O2+O 

—y 

H20+02 

2.70-12 

0.0 

2.10+3 

0.0 

0.0 

0.0 

[86] 

— 

H+H+N2 

-y 

h2+n2 

1.34-31 

-0.60 

0.0 

0.0 

0.0 

0.0 

[91] 

— 

H+H+H20 

—y 

h2+h2o 

1.34-30 

-0.60 

0.0 

0.0 

0.0 

0.0 

[91] 

— 

H+HO2 

-y 

H2+02 

4.15-11 

0.0 

3.50+2 

0.0 

0.0 

0.0 

[91] 

— 

H+H202 

-y 

h2+ho2 

2.82-12 

0.0 

1.90+3 

0.0 

0.0 

0.0 

[91] 

HO2+HO2 

-y 

H202+02 

3.32-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[91] 

H2+H202 

-y 

H2+OH+OH 

5.0-7 

0.0 

2.29+4 

0.0 

0.0 

0.0 

[91] 

— 

H2O+H2O2 

-y 

H20+0H+0H 

3.25-6 

0.0 

2.29+4 

0.0 

0.0 

0.0 

[91] 

— 

— 

■iml 

n2+n2+n£ 

-y 

n2+n+ 

5.0-29 

0.0 

0.0 

2.10-16 

0.0 

0.0 

[58] 

[58] 

02+02+Oo 

-y 

o2+o+ 

2.0-22 

-3.20 

0.0 

2.67+4 

-4.0 

5.03+3 

[581 

[58] 

n2+n2+o* 

~y 

n2+n2o+ 

8.10-26 

-2.0 

0.0 

1.48+7 

-5.30 

2.36+3 

[58] 

[58] 

N2+N2+NO+ 

-y 

N2+N3CT*- 

1.60-20 

-4.40 

0.0 

1.50+6 

-5.40 

2.45+3 

[58] 

[58] 

n++n2+o 

—y 

n2+no+ 

1.0-29 

0.0 

0.0 

1.58-23 

0.0 

1.37+5 

[58] 

n++o+o2 

—y 

no++o2 

1.0-29 

0.0 

0.0 

1.58-23 

0.0 

1.37+5 

[58] 

n+n++n2 

~y 

n2+n+ 

1.0-29 

0.0 

0.0 

1.40-11 

0.0 

0.0 

[58] 

[71] 

N+N++02 

—y 

n++o2 

1.0-29 

0.0 

0.0 

5.68-24 

0.0 

1.01+5 

[58] 

N2+0+0+ 

—y 

n2+o+ 

1.0-29 

0.0 

0.0 

3.92-24 

0.0 

7.77+4 

[58] 

o+o++o2 

—y 

02+0+ 

1.0-29 

0.0 

0.0 

3.92-24 

0.0 

7.77+4 

[58] 

n+n2+o+ 

—y 

n2+no+ 

1.0-29 

0.0 

0.0 

3.45-24 

0.0 

1.27+5 

[58] 

N+0++02 

~y 

no++o2 

1.0-29 

0.0 

0.0 

3.45-24 

0.0 

1.27+5 

[58] 

n++o2 

-y 

N+O+ 

2.30-10 

0.0 

0.0 

4.49-10 

0.0 

2.84+4 

[71] 

N++02 

-y 

NO++O 

5.0-10 

0.0 

0.0 

4.29-10 

0.0 

7.73+4 

[71] 

n++o2 

-y 

NO+O+ 

1.0-12 

0.0 

0.0 

1.35-12 

0.0 

2.61+4 

[71] 

N++0 

—y 

N+O+ 

5.0-10 

0.0 

0.0 

2.20-9 

0.0 

1.09+4 

[61] 

[61] 

N++O3 

-y 

no++o2 

5.0-10 

0.0 

0.0 

1.93-10 

0.0 

1.24+5 

[58] 

N++NO 

—y 

N+NO+ 

8.0-10 

0.0 

0.0 

4.65-9 

0.0 

6.13+4 

[71] 

N++NO 

—y 

N++O 

1.0-10 

0.0 

0.0 

3.0-10 

0.0 

2.58+4 

[61] 

[61] 

N++NO 

—y 

N2+0+ 

1.0-12 

0.0 

0.0 

1.06-11 

0.0 

4.79+4 

[71] 

n2+o+ 

~y 

N+NO+ 

3.0-12 

0.0 

0.0 

1.10-12 

0.0 

1.22+4 

[61] 

[61] 

o++o2 

-y 

0+0+ 

2.0-11 

0.0 

0.0 

6.0-12 

0.0 

1.65+4 

[61] 

[61] 

o++o3 

—y 

02+0+ 

1.0-10 

0.0 

0.0 

9.63-12 

0.0 

6.54+4 

[58] 

N0+0+ 

-y 

NO++O 

2.0-11 

0.0 

0.0 

3.0-11 

0.0 

5.01+4 

[61] 

[61] 

N0+0+ 

~y 

N+O+ 

3.0-12 

0.0 

0.0 

4.34-12 

0.0 

2.30+3 

[71] 

n2o+o+ 

—y 

NO+NO+ 

2.30-10 

0.0 

0.0 

3.81-12 

0.0 

6.93+4 

[58] 

n2o+o+ 

-y 

n2+o+ 

2.0-11 

0.0 

0.0 

8.74-13 

0.0 

5.82+4 

[71] 

n++o2 

~y 

N2+0J 

1.24-7 

-1.35 

0.0 

2.68-7 

-1.35 

4.10+4 

[71] 

4+o 

-y 

N+NO+ 

2.42-9 

-0.50 

0.0 

6.71-9 

-0.50 

3.61+4 

[93] 

N++0 

-y 

N2+0+ 

7.0-12 

0.0 

0.0 

3.54-11 

0.0 

2.27+4 

[71] 

NJ+NO 

-y 

n2+no+ 

4.48-10 

0.0 

0.0 

6.31-9 

0.0 

7.32+4 

[61] 

[61] 

N+N2+NO+ 

-y 

N++N20 

1.24-16 

0.0 

1.66+4 

4.0-10 

0.0 

0.0 

[70] 

[58,  71] 

n2+o+ 

-y 

NO+NO+ 

9.96-16 

0.0 

0.0 

5.31-16 

0.0 

1.19+4 

[61] 

[61] 

N+O+ 

-y 

NO++O 

1.80-10 

0.0 

0.0 

1.05-10 

0.0 

4.89+4 

[71] 

NO+O^" 

-y 

NO++O2 

9.13-10 

0.0 

0.0 

7.31-9 

0.0 

3.36+4 

[61] 

[61] 

no2+o+ 

—y 

no++o3 

1.0-11 

0.0 

0.0 

2.94-11 

0.0 

9.05+3 

[71] 

n2+o+ 

-y 

n2o++o2 

2.96-18 

2.50 

2.65+3 

5.0-11 

0.0 

0.0 

[58] 

[58] 

o2+o2+c>2 

-y 

02+0- 

3.0-31 

0.0 

0.0 

1.0-10 

0.0 

1.04+3 

[71] 

[58] 

N2+02+0" 

—y 

N2+0- 

1.05-28 

0.0 

0.0 

1.0-10 

0.0 

1.04+3 

[58] 

[581 

O+OJ 

—y 

o~+o2 

8.0-11 

0.0 

0.0 

3.45-12 

0.50 

1.62+4 

[61] 

[61] 

NO2+NO2 

-+ 

NO+NCC 

4.0-12 

0.0 

0.0 

3.0-15 

0.0 

0.0 

[58] 

[58] 

H++O 

-y 

H+O+ 

3.80-10 

0.0 

0.0 

2.30-11 

0.50 

0.0 

[71] 

[93] 

h2+h2+ 

-y 

h+h3+ 

2.10-9 

0.0 

0.0 

6.63-9 

0.0 

2.0+4 

[71] 

h++h2+h2 

—y 

h2+h3+ 

3.0-29 

0.0 

0.0 

9.57-25 

0.0 

5.10+4 

[71] 

H++NO 

—y 

H+NO+ 

1.90-9 

0.0 

0.0 

2.62-9 

0.0 

5.09+4 

[94] 

N++0“ 

—y 

N+O 

4.50-6 

-0.50 

0.0 

5.78-6 

-0.50 

1.51+5 

[69] 

0-+0+ 

-y 

02+02 

7.27-6 

-0.50 

0.0 

1.25-5 

-0.50 

1.35+5 

[69] 

N2  +°2 

-y 

N2+02 

2.77-6 

-0.50 

0.0 

1.03-5 

-0.50 

1.76+5 

[69] 

o-+o^ 

—y 

0+0 

4.68-6 

-0.50 

0.0 

1.31-6 

-0.50 

1.41+5 

[69] 

N++N2+OJ 

-y 

n2+no2 

3.10-19 

-2.50 

0.0 

1.26-12 

-2.50 

2.15+5 

[58] 

h2o+o+ 

-y 

h2o++o 

2.30-9 

0.0 

0.0 

4.79-10 

0.0 

1.06+4 

[71] 
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Table  7.2:  Reactions  between  heavy  particles  included  into 
kinetic  scheme  A  -  1/s,  cm3/s,  cm6/s,  Ea  -  K 


Reaction  i 

e£,  k 

A~ 

n 

k 

Ref^ 

Ref” 

h2+o^ 

-4 

H+OH+  . ’ . i 

2.0-9 

0.0 

0.0 

4.46-10 

0.0 

8.0+3 

[71] 

h2+oh+ 

-Y 

h+h2o+ 

1.50-9 

0.0 

0.0 

2.17-9 

0.0 

9.0+3 

[71] 

h2++h2o 

-4 

h2+h2o+ 

3.60-9 

0.0 

0.0 

6.43-9 

0.0 

3.13+4 

[71] 

h2+n+ 

h2++n2 

2.0-11 

0.0 

0.0 

1.18-11 

0.0 

2.0+3 

[71] 

h2o+n+ 

-4 

h2o++n2 

2.20-9 

0.0 

0.0 

2.31-9 

0.0 

3.33+4 

[71] 

N+N+ 

-Y 

n++n2 

1.0-11 

0.0 

0.0 

1.11-11 

0.0 

1.26+4 

[71] 

n2o+o+ 

-4 

n++o2 

2.0-11 

0.0 

0.0 

4.05-13 

0.0 

1.72+4 

[71] 

n++n2o 

-4 

n2+no+ 

2.70-9 

0.0 

0.0 

4.74-10 

0.0 

1.17+5 

[71] 

NO+NO+ 

-4 

n++o2 

1.83-13 

0.0 

5.15+4 

3.0-14 

0.0 

0.0 

[61] 

[61] 

n+n2+n+ 

-4 

n2+n+ 

9.0-30 

0.0 

4.0+2 

0.0 

0.0 

0.0 

[58] 

n++n2+n2 

-4 

n2+nj 

9.0-30 

0.0 

4.0+2 

0.0 

0.0 

0.0 

[58] 

n2+no++o2 

-Y 

n2+no+ 

3.0-31 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

_ 

no++o2+o2 

-4 

no++o2 

9.0-32 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

no2+o+ 

~Y 

NOT+O 

1.60-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

no++o3 

-Y 

no*+o2 

1.0-15 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

NO+NO+ 

—Y 

no*+no2 

2.90-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

0+0+ 

-Y 

0++03 

3.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

N++o3 

-4 

n2+o+o+ 

1.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o6+no+ 

-Y 

no2+no2+no+ 

5.90-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

n++o2 

-4 

N+N2+0+ 

2.30-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

N++NO 

*4 

n+n2+no+ 

7.0-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[58) 

— 

N++O 

-4 

n2+n2+o+ 

2.50-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N+N+ 

-Y 

n++n2+n2 

1.0-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NO 

-Y 

n2+n2+no+ 

4.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

n2o5+o+ 

-Y 

no++no3+o2 

8.80-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

N++02 

—Y 

n2+n2+o+ 

4.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

n2o++no 

—Y 

n2o+no+ 

2.90-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

no2+o+ 

—Y 

no++o2 

6.60-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

n++n2o 

~~Y 

n2+n2o+ 

5.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

4+o2 

—Y 

n2+no+ 

6.0-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

N+N+ 

-Y 

n2+n+ 

2.70-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

N++NO 

—Y 

n2+n2o+ 

1.40-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

n2o+o+ 

—Y 

n2o++o 

1.60-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

NO+O+ 

-4 

no++o2+o2 

1.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

0"+o2+o2 

-Y 

02+0g 

8.0-31 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

N2+0”+02 

-Y 

N2+o' 

3.30-28 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

n2+n2+o” 

-Y 

n2+n2o” 

1.50-31 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

no+o_+o2 

-Y 

no'+o2 

3.97-29 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

n2+no+o~ 

—Y 

n2+noj 

2.04-32 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

C>2  +O3 

—Y 

o2+o- 

4.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

N02+0" 

-4 

no'+o2 

7.16-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

no3+o' 

—Y 

NO' +02 

5.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

n2o+o" 

N2+o' 

1.0-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

o~+o3 

-Y 

o+°- 

5.30-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

no2+o" 

-Y 

NO'+O 

1.20-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o+o“ 

-Y 

NO+NO' 

2.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

n2o+o~ 

-4 

N20'+0 

2.0-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

0+0" 

-4 

o2+oj 

3.20-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

NO+O" 

— Y 

NO" +0 

1.0-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

NO+O' 

-4 

NO"+o2 

9.96-12 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

— 

no2+o" 

-4 

no'+o3 

7.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

no2+o" 

-4 

no”+o2 

2.0-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

no3+oj 

-4 

no'+o3 

5.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

no~+o2 

-4 

NO+OJ 

5.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

no_+no2 

-4 

NO+NO" 

7.40-16 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

n2o+no~ 

—Y 

n2+noj 

2.80-14 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

noj+o3 

-Y 

no'+o2 

1.80-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

noj+no3 

—Y 

no2+no" 

5.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

n2o5+no" 

-4 

no+no3+no" 

7.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

0+0' 

— ► 

°2+°3 

4.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

NO+07 

— Y 

noj+o2 

2.50-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

0+0' 

—Y 

O"  +o2+o2 

3.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

NO”+NO+ 

—Y 

no+no2 

8.83-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[69] 

NO'+oJ 

—Y 

no2+o2 

7.10-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[69] 

NO++NO' 

-4 

no+no3 

5.89-7 

-0.50 

0.0 

0.0 

0.0 

0.0 

[69] 

__ 

NO++NO" 

-4 

no+no2 

3.29-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[69] 

H“+H+ 

—Y 

H+H 

6.75-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[69] 

N++07 

-4 

n+o2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

0++0- 

-4 

o+o2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

NO++07 

-4 

no+o2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 
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[  Reaction 

24+ 

KHE9 

A~ 

:ES3 

Ref+ 

Ref- 

N02+°2 

-¥ 

no2+o2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o++oj 

— y 

N20-f02 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++0- 

-f 

N2+0 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

0-+0+ 

-► 

o+o2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++O- 

-*• 

NO+O 

2.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

— 

NO+-bO“ 

-y 

no2+o 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20++0~ 

-y 

n2o+o 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++0- 

-y 

N2+03 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

o|+o- 

-y 

02+03 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N*+Os- 

-¥ 

N+O3 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

O++O- 

-y 

O+O3 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N0++0“ 

-y 

NO+O3 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++O- 

-y 

N02+03 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20++0" 

—y 

N20+03 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NO~ 

-y 

N2+N0 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO-+O+ 

-y 

no+o2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NO"* 

-y 

N+NO 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N0-+0+ 

~y 

NO+O 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO“+NO+ 

-y 

NO+NO 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20++NO- 

~y 

n2o+no 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NO- 

-y 

n2+no2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NO" 

-y 

n+no2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO“ +o+ 

-y 

no2-i-o 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NOJ+NO+ 

~y 

no2+no2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o++no” 

-y 

n2o+no2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NO- 

-y 

n2+no3 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO-+0+ 

-y 

N03+02 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NO~ 

-y 

N+NOS 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO-+O+ 

-y 

N03+0 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NOJ+NO“ 

-y 

no2+no3 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20++N03 

—y 

n2o+no3 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n++n2o- 

-y 

n2-i-n2o 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o-+o+ 

~y 

n2o+o2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n++n2o- 

—y 

n+n2o 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o-+o+ 

-y 

n2o+o 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20“+N0+ 

-y 

n2o+no 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o-+no+ 

-y 

n2o+no2 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o-+n2o+ 

-y 

n2o+n2o 

3.46-6 

-0.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N2 +0+4-0” 

-y 

N2+03 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N2+N0++0“ 

-y 

n2+no3 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n++o2+oj 

—y 

no2+o2 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

0++02+0~ 

-y 

02+03 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[581 

— 

NO+-K>2-K>“ 

-y 

no3+o2 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2+n++o- 

-y 

n2+n2o 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2+o-+o+ 

-y 

N2+03 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2+no++o~ 

-y 

n2-i-no2 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2+o-+o+ 

-y 

N2-f02 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n++n2+o- 

-y 

n2+no 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n++o-+o2 

-y 

N20*t*02 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

o-+o2+o+ 

—y 

02+03 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

N0++0”+02 

—y 

no2+o2 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

o-+o++o2 

-y 

o2+o2 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n++o~+o2 

—y 

no+o2 

3.10-19 

-2.50 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++°7 

-y 

N2-|-02+02 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— ' 

°2+°r 

—y 

o2+o2+o2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

sho4- 

-y 

n+o2+o2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

0++0- 

~y 

0+024*02 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++O- 

-y 

no+o2+o2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++07 

—y 

no2+o2+o2 

1.0-7 

0.0 

0.0 

0.0 

0.6 

0.0 

[58] 

— 

n20++07 

—y 

n2o+o2+o2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++N2or 

-y 

n2+n2+c>3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20-+0J 

~y 

N2+02+03 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n++n203 

—y 

n+n2+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o“+o+ 

-y 

N2+0+03 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o"+no+ 

—y 

n2+no+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o-+no+ 

—y 

N2+N02+03 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o++n2o" 

-y 

N2+N20+03 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++CC 

-y 

N-f  N-f02 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

°2+°2 

-y 

o+o+o2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N0++0“ 

-y 

n+o+o2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++07 

—y 

N0+0+02 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 
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Reaction 

24+ 

n+ 

W,  K 

n 

E-,  K 

Ref+ 

Ref~ 

N2O++O2 

4 

N+NO+O2 

1.0-r 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++°r 

4 

N+N2+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

4+or 

4 

N2+N2+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

o;+o\ 

4 

O2+O2+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N3O++0” 

4 

N2+NO+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++°- 

4 

NO+O2+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o++o- 

4 

NO+NO+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o|+o- 

-f 

N2+O2+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++O- 

-f 

N+N+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

O-+O+ 

-f 

O+O+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N0++0- 

— f 

N+O+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N0++0“ 

NO+O+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N2o++o“ 

N+NO+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++CT* 

N+N2+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++0~ 

— >■ 

N2+N2+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

0-+0+ 

— >■ 

O+O2+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N3O++O- 

-> 

N2+NO+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N0++0“ 

NO+O+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N 

-4 

NO+NO+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20j+0- 

4 

N2+O+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++O3 

4 

n+n+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

0I+03 

4 

o+o+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

N0++0" 

4 

n+o+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N°++°- 

4 

no+o+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o++o~ 

4 

n+no+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++O3 

4 

n+n2+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

4+05: 

4 

n2+n2+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

03+0I 

4 

o2+o2+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n3o++o~ 

4 

n2+no+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

—  ■ 

N0++0- 

4 

no+o2+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o++o- 

4 

no+no+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N2o|+03- 

4 

n2+o2+o3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NO" 

4 

N+N+NO 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N0“+0+ 

4 

NO+O+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO"+NO+ 

4 

N+NO+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO”+NO+ 

4 

NO+NO+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20++NO“ 

4 

N+NO+NO 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NO~ 

4 

N+N2+NO 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n^+no- 

4 

N2+N2+NO 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO-+O+ 

4 

N0+02+02 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n3o++no- 

4 

N2+NO+NO 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO“+NO+ 

4 

NO+NO+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N2oJ+NO“ 

4 

NO+NO+NO 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N2OJ+NO“ 

4 

N2+NO+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NO£ 

4 

N+N+NO2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO-+O+ 

4 

NO2+O+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++NO~ 

4 

N+NO2+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NOJ+NOJ 

4 

NO+NO2+O 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20++NO” 

4 

N+NO+NO2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NOJ 

4 

N+N2+NO2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NCC 

4 

N2+N2+NO2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N°-+°J 

4 

no2+o2+o2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N30++N02 

4 

N2+NO+N02 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NOJ+NO+ 

4 

N0+N02+02 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o++no“ 

4 

N0+N0+N02 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N2OJ+NO2 

4 

n2+no2+o2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NO" 

4 

N+N+N03 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[581 

— 

N03  +°2 

4 

no3+o+o 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++NO" 

4 

n+no3+o 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NO++NO3 

4 

no+no3+o 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N2O++NO3 

4 

n+no+no3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N++NO“ 

4 

n+n2+no3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n|+n°- 

4 

n2+n2+no3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N0-+0I 

4 

no3+o2+o2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N30++NO- 

4 

n2+no+no3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

NOJ  +NO J 

4 

no+no3+o2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

n2o++noj 

4 

no+no+no3 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

n2o++noj 

4 

n2+no3+o2 

1.0-7 

0.0 

0.0 

0.0 

0.0  ! 

0.0 

[58] 

n++n2o- 

4 

n+n+n2o 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

N20"+0+ 

4 

N2o+o+o 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 
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Table  7.2:  Reactions  between  heavy  particles  included  into 
kinetic  scheme  A  -  1/s,  cm3/s,  cm6/s,  Ea  -  K 


[  Reaction 

A+ 

W,  K 

A~ 

n” 

^7,  K 

Ref4* 

Ref~ 

N2O-+NO* 

n+n2o-k> 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

— 

N20“+NO+ 

n2o+no+o 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58J 

N20-+N20+ 

-> 

n+n2o+no 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

n2o-+n+ 

-¥ 

N+N2+N20 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

N2O-+N+ 

-* 

N2+N2-FN20 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20-+0+ 

— ► 

N20+02+02 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N2O-+N3O+ 

-* 

N2+N2O+NO 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

N20”4-NO^ 

-> 

N2O+NO+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

N20~+N20+ 

N2O+NO-I-NO 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o-+n2oj 

-> 

N2+N2O+O2 

1.0-7 

0.0 

0.0 

0.0 

0.0 

0.0 

[58] 

— 

n2o-k>+ 

-¥ 

N+NO++O 

2.30-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

NH3+0+ 

nh3++o2 

2.40-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

h2o+oh+ 

— ► 

h2o++oh 

1.60-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

02+0^ 

-+ 

0+0+ 

1.20-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

H2+0J 

— ► 

H+HO+ 

4.0-11 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

h2o+o+ 

H20++02 

1.20-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

N20+0J 

N2OJ+O2 

2.50-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

h2++o2 

H+HO+ 

1.90-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

h3++o2 

— ► 

H2+HO+ 

1.30-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

H20-p0""+02 

->• 

H2OJ+O2 

1.30-28 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

H20+02+OJ 

H2OJ+O2 

2.20-28 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

H+or 

— ► 

0H“+0 

1.20-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

H+O- 

-► 

H-+O2 

1.20-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

H20+N+ 

-f 

H20++N2+N2 

1.90-9 

0.0 

0.0 

0.0  ' 

0.0 

0.0 

[71] 

— 

H20+H3  + 

— ► 

H2+H30+ 

5.90-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

h2o+oh+ 

-f 

h3o++o 

1.50-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

H2+H20+ 

-f 

h+h3o+ 

1.40-9 

0.0 

0.0 

0.0 

0.0 

0.0 

[Tl] 

N+-K>2 

N2+NO++O 

1.0-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

N02+N0+ 

-f 

N0++N03 

4.60-10 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

NO+NO+NO+ 

-f 

N2O++NO 

5.0-30 

0.0 

0.0 

0.0 

0.0 

0.0 

[71] 

— 

O+O2+OJ 

— ► 

O2+OJ 

1.50-31 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

no+no+o- 

NO+NOJ 

2.04-31 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

N0+0-K>“ 

N07+0 

2.04-31 

0.0 

0.0 

0.0 

0.0 

0.0 

[61] 

)*  -  If  it  is  not  specified,  the  relative  efficiency  of  collision  partners  in  the  three-body 
reactions  was  given  as  k^r  =  1.5  x  k^2  =  1.5  x  ko2  =  3  x  ka2  =  20  x  &h2o  =  3  x  fcNo  = 
5  x  ko  =  5  x  kR  =  5  x  fcN  (see  [92]). 

**  From  the  principle  of  detailed  equilibrium. 


7.2  The  afterglow  of  the  discharge 

The  kinetic  scheme  consists  of  813  processes;  98  components  are  taken  into  account, 
including  excited  and  charged  particles,  electrons,  radicals  and  neutral  components  (see 
Table  7.2). 

The  processes  included  into  kinetic  scheme  are  associative  and  Penning  ionization, 
recombination  of  positive  ions  and  electrons,  electron  attachment  and  detachment,  in¬ 
teraction  between  neutral  unexcited  components,  interaction  between  neutral  unexcited 
and  neutral  exited  components,  conversion  of  positive  and  negative  ions,  recombination 
of  positive  and  negative  ions. 

It  was  assumed  that  reactions  of  excitation  by  an  electron  impact  are  important  only 
for  the  time  of  discharge  (first  25  ns). 

To  calculate  reaction  rates  with  a  participation  of  vibrationally-excited  reagents  we 
use  a  model  described  in  the  chapter  6  of  the  Report. 

For  example,  a  reaction 
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H2(u)+0-^0H  +  H, 

like  all  other  processes  with  vibrationally  excited  reagents,  is  represented  as  a  set  of 
elementary  reactions  of  the  type 

E2{v  =  0)  +  0  ->•  OH (w  =  0)  +  H 
H2(v  =  1)  +  O  ->•  OE{w  =  0)  +  H 
H2(u  =  0)  +  0  ->■  OH(w  =  1)  +  H 


H2(u  =  i)  +  0  ->•  OE{w  =j)  +  H 

7.3  Reaction  rates  for  VV  and  VT  —  relaxation  in  a 
reacting  H2-02-N2  system 

In  the  present  work  at  a  modelling  of  the  chemical  reactions  in  the  H2-02-N2  system 
level-to  level  kinetics  of  vibrational  energy  exchange  between  H2,  02,  N2,  OH  and  H20 
has  been  taken  into  account.  Reaction  rates  k*,n-i  (T)  and  fen>n_i(T)  similarly  to  the 
reaction  constant  rate  for  the  molecular  nitrogen  in  the  frameworks  of  the  SSH  theory. 

For  H20  molecule  relaxation  of  symmetrical,  antisymmetrical  and  a  deformation  mode 
were  assumed  to  be  independent  and  were  described  by  the  same  model.  Energy  exchange 
between  the  modes  was  described  taken  into  account  an  anharmonism  of  the  vibrations. 
At  this  mode  mixing  at  high  vibrational  levels  [162]  may  be  taken  as  an  effective  increase 
of  a  W'-exchange  rate  constant. 

In  such  a  consideration  a  hypothetical  effect  of  a  VT-relaxation  acceleration  on  high 
vibrational  levels  because  of  anharmonicity  of  vibrations  is  not  taken  into  account  in 
principle.  This  effect  may  lead  to  a  depletion  of  H20  molecules  vibrational  distribution 
function  on  upper  levels.  But  as  far  as  H20  molecule  is  a  main  product  of  practically 
irreversible  at  T  =  300  K  reaction,  some  increase  in  H20  decay  connected  with  possible 
understated  value  of  yT-relaxation  of  upper  levels  does  not  influence  on  the  results. 

In  this  case  the  total  energy  exchange  diagram  may  be  represented  as  an  energy  flux 
due  to  eV,  VT,  VV,  EV,  ^'-exchanges,  active  particle  loss  in  dissociation  process, 
recombination  flux  on  the  highest  vibrational  levels,  and  vibrational,  energy  release/loss 

in  bimolecular  exchange  reactions  (Fig.7.3). 

The  constant  rates  of  a  vibrational  relaxation  (for  low  levels)  from  reviews  [176,  179, 
117,  180]  which  are  used  in  the  present  work  are  represented  below  (Tables  7.3, 7.4, 7.5). 
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Table  7.3:  VT-processes 


Process 

Ig (k,  [cnr/s]) 

H20(100)+02  -4  H20+02 

-13.24 

H2O(100)+N2  H2O+N2 

-13.24 

H20(100)+H20  -4  h2o+h2o 

-8.84 

H20(100)+H2  -4  h2o+h2 

-5.82 

H20(010)+02  ->  h2o+o2 

-8.76 

H20(010)+N2  -4  h2o+n2 

-8.76 

H20(010)+H20  ->  h2o+h2o 

-5.84 

H20(010)+H2  ->  h2o+h2 

-5.06 

h2o(oio)+oh  -4  h2o+oh 

-5.84 

H2O(010)+H  -4  h2o+h 

-4.72 

H20(010)+0  -4  h2o+o 

-6.84 

H20(001)+02  -4  h2o+o2 

-14.38 

H20(001)+N2  -4  h2o+n2 

-14.38 

H20(001)+H20  -4  h2o+h2o 

-9.95 

H20(001)+H2  -4  h2o+h2 

-6.66 

H2(i)+H2  — >  H2+H2 

-18.12 

— >  H2+H2O 

-18.76 

H2(l)+OH  -4  h2+oh 

-18.76 

H2(l)+N2  -4  h2+n2 

-19.22 

h2(i)+o2  -4  H2+02 

-19.22 

H2(l)+0  “4  h2+o 

-11.65 

h2(i)+h  -4  h2+h 

-12.52 

N2(l)+N2  -4  n2+n2 

-26.49 

N2(l)+N  -4  n2+n 

-28.60 

n2(i)+o2  -4  n2+o2 

-26.49 

N2(l)+H2  -4  n2+h2 

-15.88 

N2(l)+OH  -4  n2+oh 

-15.88 

N2(l)+H  -4  n2+h 

-15.38 

N2(l)+0  -4  n2+o 

-14.48 

N2(1)+H20  -4  n2+h2o 

-14.17 

02(l)+02  -4  02+02 

-16.92 

02(1)+H2  -4  o2+h2 

-15.56 

02(1)+H  -4  o2+h 

-15.33 

02(l)+0  -4  02+0 

-17.33 

02(1)+H20  -4  o2+h2o 

-16.22 

02(1)+0H  -4  o2+oh 

-16.22 

02(1)+N2  -4  02+N2 

-16.82 

OH(l)+H2  -4  oh+h2 

-15.91 

0H(1)+H20  -4  oh+h2o 

-15.91 
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Vibrational  level  number 

1 1 1 M 1 1 1 1 1 1 1 1 1 1 1 1 1 1  ii  1 1  u  ii  1 1 1 1 1 1 1 1  > 


Dissociation 


Energy  Release/Loss 
in  Bimolecuiar  Reactions 


Recombination 


W-exchange 


VT-relaxation 


eV-excitation 


N2  02  H2  OH  H20(Vi)  H20(v2)  H20(v3) 

Figure  7.3:  Vibrational  energy  exchange  diagram.  H2-air  mixture. 


Table  7.4:  W-processes 


Process 

lg(^>  [cm3/s]) 

N2(l)+N2  ”+  N2+N2(l) 

-13.06 

02(l)+02  “+  02+02(1) 

-12.58 

H2(l)+H2  -4-  H2+H2(l) 

-12.56 

OH(l)+OH  ->  OH+OH(l) 

-12.57 

N2(1)+H20  N2+H20(010) 

-15.30 

02+H20(010)  — 02(1)+H20 

-12.09 

OH+H2O(001)  -*•  0H(1)+H20 

-11.59 

H2(1)+H20  H2+H20(001) 

-11.59 

H2(l)+OH  H2+OH(l) 

-11.59 

N2+H2(l)  ->  N2(l)+H2 

-14.68 

N2(l)+02  — y  N2+02(1) 

-17.70 

Table  7.5:  W'-processes 


Process 

Ig (k,  [cm3/s]) 

H2O(100)+H2O  — y  H20+H20(100) 

-7.50 

H20(010)+H20  ->•  H20+H20(010) 

-7.50 

H20(001)+H20  -)•  H20+H20(001) 

-7.50 

H20(100)+H20  -)•  H20+H20(020) 

-7.20 

H20+H20(001)  H20(100)+H20 

-6.41 
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Table  7.6:  Electron  detachment  processes  with  a  participation  of  vibrationally  excited 

molecules  _ 

0~  +  N2(v)  -¥  O  +  N2(w)  +  e 
O2  •+•  02(v)  — >  02  +  02(w)  +  e 
02  N2(v)  — t  02  +  N2(w)  +  e 


Table  7.7:  Electron- vibrational  conversion 


H2(v)  +  02{a1Ag)  -> 

N2(v)  +  N2(n)  ->■ 

N2(A3E+)  +  N2(v) 
N2(53nfl)  +  N2(u)  -> 
N2(u)  +  N2(n)  ->• 

N2(u)  +  N2(n) _ ->• 


H2  +  Oa^Ef)  " 
N2  +  N2(a1,E“) 
N2(53nff)  +  n2 
N2(A3E+)  +  Na(u>) 
N2(A3E+)  +  N2 

N2(B3ng)  +  n2 


7.4  Numerical  modelling  of  a  chemical  kinetics  in 
the  pulsed  nanosecond  discharge  afterglow  with 
a  consideration  of  vibrationally  nonequilibrium 
processes 

At  modelling  of  the  H2  oxidization  processes  in  an  air  under  the  pulsed  nanosecond  dis¬ 
charge  following  processes  with  vibrationally  excited  components  were  taken  into  account: 
(Tables.  7.6,  7.7,  7.8,  7.9,  7.10).  The  inverse  processes  were  also  considered. 


7.5  Analysis  of  the  main  processes  in  the  discharge 
and  in  the  afterglow 

Calculations  were  performed  directly  for  each  pulse  taking  into  account  changes  in  chem¬ 
ical  composition  of  the  mixture  from  pulse  to  pulse. 

The  comparison  of  kinetic  curves  for  concentration  of  H2(a3E+)  molecule  at  differ¬ 
ent  pressures  obtained  from  the  experiment  and  from  the  calculation  is  represented  in 
Fig.  7.4.  Data  in  Fig.  7.4.1  correspond  to  the  pressure  p  =  3  Torr  and,  consequently,  to 
the  maximum  reduced  electric  field  value.  It  is  clearly  seen  that  calculated  concentration 
of  excited  hydrogen  molecules  nearly  1.5  times  lower  than  experimentally  measured  one, 


Table  7.8:  Ionization  processes 


N2(aI77X^)  +  N2(v)  -»•  N^  +  e 
N2(A3E+)  +  N2(v)  -»  N  t  +  e 
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Table  7.9:  Exchange  reactions 


H2(v)  +  N 

NH  +  H 

H,(»)  +  02(n) 

H02  +  H 

Hj(»)  +  Oj(n) 

OH(w)  +  OH(m) 

H2(v)  +  0 

OH(w)  +  H 

H2(v)  +  OH  (n) 

-» 

H20(u/i,iv2,w3)  +  H 

N2(v)  +  0 

NO  +  N 

02(v)  +  H 

OH(w)  +  0 

02(v)  +  N 

-> 

NO  +  0 

OH(t/)  +  H 

H  2(w)  +  0 

OH(v)  +  N 

-> 

NH  +  O 

OH(v)  +  NO 

N02  +  H 

OH(v)  +  0 

-> 

02(w)  +  H 

OH(v)  +  OH(n) 

-* 

H20  +  0  CD) 

OH(v)  +  OH(n) 

H20(wi  ,w2,w3)  +  0 

OH(v)  +  OH(n) 

H02  +  H 

Table  7.10:  Reactions  of  a  monomolecular  destruction 


H20(vi,  v2>v3)  +  M 

H2(v)  +  M 
OH(u)  +  M 
02(v)  +  M 
N2(v)  +  M 


->  H  +  OH  +  M 
-4  H  +  H  +  M 
-»>  H  +  O  +  M 
— y  O  4*  O  4*  M 
-5-  N  +  N  +  M 
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in  spite  of  the  fact  that  time  of  hydrogen  conversion  is  in  a  good  agreement  with  the 
measured  time  (see  Fig.4.1).  Really,  in  high  fields  the  accuracy  of  Boltzmann  equation 
solution  is  violated.  This  especially  reflects  on  the  constant  rates  of  high-energy  electron 
levels  population  (H2(a3E+)).  At  the  same  time  we  can  describe  correctly  the  population 
of  low-energy  level  N2(B3n<,),  and,  consequently,  atomic  oxygen  conversion  in  reaction 

N2(B3ng)  +  02  ->  N2  +  0  +  0  (7.3) 

which  is  responsible  for  molecular  hydrogen  conversion  in  the  system. 

Beginning  from  the  pressure  p  =  4  Torr  quite  a  good  coincidence  both  for  absolute 
value  of  H2(a3E+)  -level  concentration  (Fig.  4.2)  and  for  the  conversion  time  (Fig.  4.1) 
is  demonstrated.  A  good  agreement  of  calculated  and  measured  profiles  of  the  H2(a3E+) 
concentration  (Fig.  7.4.2-7.4.5)  allows  to  conclude  that  the  process  of  excitation  may  be 
described  with  the  aid  of  proposed  kinetic  scheme  using  the  two-term  approximation  of 
the  Boltzmann  equation  on  the  stage  of  the  electric  breakdown. 


7.6  The  excitation  of  vibrational  levels  of  molecules 
in  the  discharge  and  an  energy  exchange  in  condi¬ 
tions  of  chemically-nonequilibrium  H2-O2-N2  mix¬ 
tures 

Vibrational  distributions  for  different  molecules  in  the  discharge  afterglow  are  represented 
in  Figures  7.5  -  7.6. 

A  nonequilibrium  character  of  distributions  is  clearly  seen.  So,  the  H2  molecules 
distribution  up  to  r  ~  1  ps  has  a  local  maximum  at  n  ~  10,  which  is  connected  with 
an  intensive  population  of  these  states  at  a  radiative  depopulation  of  singlet  levels  of  a 
molecular  hydrogen  excited  by  a  discharge  (Fig.  7.5). 

Vibrational  distribution  for  a  deformation  mode  of  H20(z/2)  molecule  has  clear  inverse 
population  near  the  dissociation  limit  because  of  intense  recombination  flow  on  upper 
levels  in  the  reaction 


H2  +  O  +  M  -»•  H20  +  M 

On  the  contrary,  vibrational  distribution  for  OH  radical  is  characterized  by  a  significant 
depletion  near  the  levels  n  >  5  due  to  their  fast  consumption  in  the  reaction 

OH(v)  +  OH  -)•  H02  +  H 

The  scale  of  an  influence  of  vibrationally  excited  components  on  the  total  rate  of  the 
H2  consumption  and  H20  production  is  demonstrated  in  Figure  7.7.  It  is  clearly  seen  that 
the  consideration  of  the  vibrationally  nonequilibrium  kinetics  leads  to  a  strong  (more  then 
5  times)  increase  of  the  reactions  rate.  Thus,  vibrationally  nonequilibrium  kinetics  is  very 
important  in  the  present  conditions  and  lead  to  a  sharp  change  in  processes  rates  in  the 
chemically-reactive  afterglow  plasma. 

In  the  connection  with  points  which  are  represented  above  the  sensitivity  analysis  of 
the  kinetic  scheme  to  the  choice  of  the  main  process  rates  becomes  especially  important. 
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Figure  7.4:  Absolute  concentrations  of  the  molecular  hydrogen  in  electronically  excited 
a3£+  -  state  vs  pressure.  1-5  —  initial  pressure  of  the  mixture  is  p  =  3, 4, 5, 6  and  7  Torr, 
respectively.  Solid  lines  —  experiment,  dashed  ones  —  calculation. 


As  follows  form  the  calculations  performed  the  most  important  processes  for  the  hydrogen 
oxidization  acceleration  is 


H2(v)  +  O -M3H  +  H 

with  an  energetic  threshold  of  Ea  =  4410  K  at  v  =  0.  This  threshold  value  decreases 
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Figure  7.7:  Water  molecules,  which  are  produced  at  the  moment  second  pulse  comes  on 
a  discharge  tube.  Open  symbols  are  correspond  to  the  calculations  taking  into  account 
vibrationally  excited  molecules;  filled  ones  -  without  taking  vibrationally  nonequilibrium 
processes  into  account 


sharply  at  the  conditions  of  the  vibrational  excitation  of  H2  (©//2  =  6326  K)  molecule, 
at  that  experimentally  measured  increase  in  the  reaction  rate  at  T  =  300  K  is  equal  to 
kv=1/kv= o  =  2600  [157]. 

The  model  for  the  description  of  kinetics  of  vibrationally  excited  components  used  in 
this  work  provides  an  excellent  coincidence  in  constant  rate  of  the  processes  mentioned 
and  in  its  dependence  upon  a  vibrational  excitation  (see  discussion  above). 

The  total  effect  of  a  vibrational  excitation  depends  also  upon  the  rates  of  VT,  VV  and 
VV-relaxation  of  H2  molecule  and  upon  the  rate  of  population  of  vibrationally  excited 
levels  of  H2  in  discharge  by  an  electron  impact. 

Because  of  a  relatively  low  rate  of  the  vibrational  relaxation  in  the  range  of  pressures 
and  temperatures  used  in  this  work  the  choice  of  the  particular  rates  for  these  processes 
does  not  very  decisive.  Data  scattering  in  the  literature  (see,  for  example,  review  in  [179]) 
does  not  exceed  3  times  even  for  the  slow  process  of  the  VT-relaxation,  which  does  not 
influence  on  the  results  of  the  work. 

The  sensitivity  of  the  kinetic  scheme  for  the  rate  of  population  of  H2  vibrational  levels 
is  also  small,  because  it  defines  only  linear  (that  is  proportional  to  the  population  of 
appropriate  levels)  dependence  of  H2  molecule  oxidization. 

It  should  be  noted  that  the  rates  of  eF-processes  depend  only  slightly  upon  the  reduced 
electric  field  in  this  range  of  parameters  ( E/n  =  400  —  800  Td)  and  may  be  calculated 
with  a  high  degree  of  accuracy  from  the  solution  of  the  Boltzmann  equation.  To  calculate 
the  constant  rates  kev(H2)  we  used  cross  sections  represented  in  [181]. 


Ill 


To  analyze  the  role  of  different  processes  in  the  discharge  afterglow  we  perform  the 
rate  analysis  of  the  kinetic  scheme  for  the  conditions  of  the  first  pulse  propagation  through 
the  discharge  gap  at  the  pressure  5  Torr  (the  initial  mixture  composition  is  H2  :  O2  :  N2  = 
0.296  :  0.148  :  0.556). 

Kinetic  curves  for  the  main  components  in  the  afterglow  of  the  first  pulse  are  repre¬ 
sented  in  Fig.  7.8.  Time  interval  between  two  pulses  may  be  divided  into  4  parts:  the 
first  one  —  from  0  to  10-7  s,  the  second  one  —  from  10-7  to  10~5  s,  the  third  one  —  from 
10-5  to  10-3  s  and  the  fourth  —  from  10-3  to  25  x  10-3  s. 


Figure  7.8:  Calculated  kinetic  curves  for  the  main  components  at  the  pressure  p  =  5  Torr. 
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The  first  time  interval  corresponds  to  the  stage  of  discharge  and  its  early  afterglow,  “ 
where  the  majority  of  excited  particles,  ions  and  radicals  is  generated,  radiative  depopu¬ 
lation  and  collisions!  quenching  of  excited  electronic  states  take  place. 

The  second  stage  is  characterized  by  an  active  ion  recombination;  from  the  electroni¬ 
cally  excited  molecules  the  only  N2(A3E+)  -  state  remains  significant. 

For  the  third  time  interval  the  most  significant  process  is  a  conversion  of  the  rest  of 
ions  and  excited  molecules  to  the  active  radicals. 

And,  finally,  on  the  fourth  stage  (time  interval  10“3  —  25  10-3  s)  chemical  processes 
with  free  radicals  are  predominate. 

Diagrams  of  the  active  particles  flow  are  represented  for  each  of  time  intervals  in 
Fig.  7.9,  7.10.  Let  us  consider  the  most  principal  processes  for  each  of  the  time  interval. 

1.  The  most  fast  process  during  first  10"7  s  after  current  pulse  is  off  is  a  dissociative 
quenching  of  electronically  excited  level  N2(B3nff)  by  the  02  molecule  with  the 
creation  of  atomic  oxygen.  The  next  is  the  reaction  of  Hjj’  conversion  to  H3"  and  H. 
The  main  channel  of  the  water  production  on  this  stage  is  a  reaction  of  molecular 
hydrogen  with  the  ion  O",  created  in  discharge  in  the  reaction  02+e“  — >  O+O-. 

2.  Atomic  oxygen  concentration  continues  to  growth  due  to  dissociative  quenching  of 
N2(£3II5)  and  N2(A.3S+)  molecules.  Destruction  of  the  ions  Hj,  and  takes 
place,  the  most  fast  process  is  a  destruction  of  02  with  a  production  of  0  and  O3 ; 
the  last  one  create  atomic  oxygen  in  reaction  with  an  electron.  Another  channel  of 
02  ion  destruction  is  its  reaction  with  H2  with  a  production  of  HOJ  and  H.  Up 
to  this  moment  the  accumulation  of  O-atoms  took  place,  and  now  its  reaction  with 
hydrogen  leads  to  the  production  of  H  and  OH  radicals. 

3.  The  process  (0+H2  -*•  H+OH)  predominates  up  to  the  beginning  of  the  next  pulse. 
Metastable  nitrogen  N2(A3S+)  in  reaction  with  oxygen  gives  additional  O-atoms, 
which  lead  to  the  production  of  H  and  OH.  As  a  result  of  a  three-body  conversion  of 
H-atoms  with  02  we  obtain  H02,  which,  in  reaction  with  OH  gives  H20  molecules. 

4.  On  the  final  stage  atomic  oxygen  in  the  reaction  with  H2  gives  H  and  OH  radi¬ 
cals.  Atomic  hydrogen  gives  H02,  which,  in  reaction  with  OH,  gives  H20.  Another 
channel  of  the  water  creation  is  a  OH+OH  reaction. 

Thus,  it  may  be  concluded  that  the  excitation  of  the  gas  in  the  conditions  of  these 
experiments  takes  place  behind  the  front  of  nanosecond  gas  breakdown  in  relatively  small 
electric  fields  E/n  ~  300  -  600  Td  and  electron  densities  ne  ~  (1  -  2)  x  1012  cm-3  during 
a  time  interval  ~  10  ns.  The  description  of  the  gas  excitation  with  the  help  of  two-term 
approximation  of  Boltzmann  equation  gives  a  good  correlation  with  the  experimental  data 
up  to  electric  field  E/n  =  600  Td  in  a  stoichiometric  hydrogen-air  mixture. 

Up  to  100  ns  the  main  role  belong  to  the  processes  with  electronically  excited  particles, 
in  the  microsecond  time  scale  -  to  the  molecular  -  ion  reactions,  in  the  time  interval  100  /xs 
-  25  ms  -  to  the  reaction  with  radicals. 

The  proposed  mechanism  of  chemical  kinetics  description  in  essentially  nonequilibrium 
conditions  gives  a  possibility  of  the  quantitative  analysis  of  vibrationally  nonequilibrium 
processes  and  their  influence  of  a  whole  chemical  kinetics  in  the  system.  It  was  shown 
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that  in  the  conditions  of  a  pulsed  high-current  nanosecond  discharge  the  role  of  the  pro¬ 
cesses  with  participation  of  vibrationally  excited  components  is  principal  an  significantly 
influences  the  kinetics  in  the  system. 
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Figure  7.9:  Diagrams  for  the  active  particles  flow.  The  thickness  of  the  line  corresponds  to 
the  velocity  of  the  appropriate  process,  and  a  figure  near  the  process  -  to  its  significance 
in  the  manifold  of  the  reactions.  The  dynamics  of  the  concentration  of  the  appropriate 
chemical  component  during  the  certain  time  interval  is  represented  as  a  level-to-level 
increase  or  decrease  of  the  appropriate  field.  1)  —  time  interval  r  =  0  —  1  x  10-7  s,  2)  — 
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Chapter  8 

Numerical  simulation  of  N2O 
Decomposition  in  High-Current 
Nanosecond  Electric  Discharge. 


Calculations  were  performed,  as  in  the  case  of  H2-air  mixture,  directly  for  each  pulse 
taking  into  account  changes  in  chemical  composition  of  the  mixture  from  pulse  to  pulse. 

8.1  Electron  energy  distribution 

It  was  suggested  that  main  components  determine  EEDF  shape  and  rate  constants  of 
all  processes  with  electrons  participation  are  N20,  02  and  N2.  Momentum-transfer  and 
inelastic  cross-sections  were  taken  from  [52,  44,  48,  50]. 

Kinetic  scheme  was  the  same  as  for  H2-air  non-thermal  oxidation  modelling. 


8.2  Vibrational  excange  rate  constants  in  N-O-H-C 
system 

In  the  table  8.1  it  was  shown  the  full  set  of  vibrational  energy  exchange  processes  for 
simulation  of  N20  decomposition  under  non-equilibrium  conditions,  which  was  used  in 
this  work.  Rate  constants  for  this  processes  and  its  temperature  dependence  are  shown 
it  the  table  8.2. 


Table  8.1:  Vibrational  energy  exchange  processes  in  the 
C,  N,  O,  H  system 


Process  Label 

CO2(00°l)  +  N2(v  =  0)  *+  C02(00°0)  +  N2(v  =  1)  W^~ 

CO2(00°l)  +  M  *+  CO2(lll0, 03x0)  +  M  W3% 

CO2(00°l)  +  CO(v  =  0)  «-►  C02(00°0)  +  CO(v  =  1)  W3’9 

CO2(00°l)  +  N20(00°0)  ++  C02(00°0)  +  N2O(00°l)  W3)13 


C02(00°0)  +  N2(v  =  1)  +»  CO^ll1!),  0310)  +  N2(v  =  0)  W4>E 
C02(00°0)  +  CO(v  =  1)  COzQl^O,  0310)  +  CO(v  =  0)  W9,s 
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Table  8.1:  Vibrational  energy  exchange  processes  in  the 
C,  N,  0,  H  system 


Process 

C02(00°0)  +  02(v  =  1)  ++  C02(10°0,  WO)  +  02(v  =  0) 

CO2(10°0)  +  N20(00°0)  ^  C02(00°0)  +  N2O(10°0) 

C02(00°0)  +  N2O(00°l)  COsjl^O)  +  N20(00°0) 

CO2(10°0)  +  M  +»  CO2(02°0)  +  M 

CO^O^O)  +  M  -H-  C02(00°0)  +  M 

N2(v  =  1)  +  CO(v  =  0)  +*  N2(v  =  0)  +  CO(v  =  1) 

N2(v  =  1)  +  02(v  =  0)  <+  N2(v  =  0)  +  02(v  =  1) 

N2(v  =  1)  +  H2 0(000)  <->  N2(v  =  0)  +  H2O(010) 

N2(v  =  1)  +  N20(00°0)  ++  N2(v  =  0)  +  N2O(00°l) 

N2(v  =  1)  +  NO(v  =  0)  <-*•  N2(v  =  0)  +  NO(v  =  1) 

N2(v  =  1)  +  M  -h-  N2(v  =  0)  +  M 

NO(v  =  1)  +  02(v  =  0)  <+  NO(v  =  0)  +  02(v  =  1) 

H2O(010)  +  02(v  =  0)  •<->■  H20(000)  +  02(v  =  1) 

02(v  =  1)  +  N20(00°0)  02(v  =  0)  +  N2O(10°0) 

02(v  =  1)  +  M  02(v  =  0)  +  M 

H2O(001)  +  M  **  H2O(100)  +  M 

H2O(001)  +  M  *+  H20(020)  +  M 

H2O(100)  +  M  ■f-f  H20(020)  +  M 

H2O(010)  +  M  H20(000)  +  M 

CO(v  =  1)  +  H20(000)  -h  CO(v  =  0)  +  H2O(010) 

NO(v  =  1)  +  H20(000)  f*  NO(v  =  0)  +  H2O(010) 

H2(v  =  1)  +  H2 0(000)  «-►  H2(v  =  0)  4-  H2O(001) 

OH(v  =  1)  +  H20(000)  **  OH(v  =  0)  +  H2O(100) 

CO(v  =  1)  +  NO(v  =  0)  -H-  CO(v  =  0)  +  NO(v  =  1) 

CO(v  =  1)  +  02(v  —  0)  ^-4  CO(v  —  0)  +  02(v  =  1) 

N2O(00°l)  +  CO(v  =  0)  **  N20(00°0)  +  CO(v  =  1) 

CO(v  =  1)  +  M  CO(v  =  0)  +  M 

N2O(00°l)  +  NO(v  =  0)  *+  N20(00°0)  +  NO(v  =  1) 

NO(v  =  1)  +  M  -H-  NO(v  =  0)  +  M 

N2O(00°l)  +  Md  N2O(ll10, 0310)  +  M 

N2O(00°l)  +  M  N2O(12°0, 20°0, 04°0)  +  M 

N2O(10°0)  +  Mw  N20(02°0)  +  M 

N2O(01x0)  +  M  <4  N20(00°0)  +  M 

H2(v  =  1)  +  OH(v  =  0)  <4  H2(v  =  0)  +  OH(v  =  1) 

H2(v  =  1)  +  M  <4  H2(v  =  0)  +  M 


Label 


Ww 
Wlt  u 

VPl3,S 

WH 
W2k0 
W4y9 
W4, 5 

w4,  7 

m,i3 

w4>10 

wK 

vv  10,5 

w7% 

vrh 

wk 

WH 

wH 

w9>7 

w10,7 

Wu* 

Wv,fi 

W9>10 

W9>5 

Ww 

W9m0 

^13,10 

WiSo 

W'lik 

wlu 

^12.0 

wtf* 

Kto 


Table  8.2:  Vibrational  energy  exchange  rate  constants  in 
C,  N,  O,  H  system 


Process 

Wp,„  cm3/s 

Ref. 

wS? 

1.36T  x  10~16/  exp(9.456  -  218.23T-1/3  +  1687.7T“2/3  -  3909.27T"1) 

[62] 
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Table  8.2:  Vibrational  energy  exchange  rate  constants  in 
C,  N,  0,  H  system 


Wp)9,  cm3/s 

Ref. 

1.36T  x  10~16/  exp(15.456  -  424.03T"1/3  +  3852.67 71"2/3  -  10672T-1) 

[62] 

w?,i 

0.141T  x  io(-6-3O3~122-27T_1/3+384:r_2/3)0 

[67] 

wf|° 

4  x  1O-15T0 

[62] 

Wg 

0.141T  x  io(-9  143-84-23r_1/3+271-7r-2/3)0 

[67] 

exp(— 16.234  -  171.359T"1/3  +  453.455T"2/3),  T  >  400  K 

Wf§{T  =  400  K),  T  <  400  K 

[62] 

wfi 

0.141T  x  io(-14-363-3-73T_1/3+32T_2/3)0 

[67] 

wgi 

Kf 

[62] 

0.141T  x  io(-7-956-122-2T_1/3+384T-2/3)0 

[67] 

w& 

0.8  •  Wg 

[62] 

HfS 

103.36T  x  io(-7-69T-1/3-16-1)^ 

[67] 

wff 

[62] 

wg?2 

0.141T  x  io(_10-673-57-31T-1/3+156-7:r-2/3) 

[65]  | 

0.141T  x  io(-9-987-68-78r-l/3+188-5r_2/3) 

[65]  ! 

K i 

0.141T  x  io(-24-458+35-957r“1/3-32-4623T_2/3) 

[65] 

1.36  •  10-1°  x  j'/io(10-011_49-4r_1/3+77-3T_2/3) 

[65]  ! 

K o° 

0.141T  x  io(-41-884-2-ix10-3r+o-705x10-6T2) 

[65] 

0.141T  x  io(-11-04-51-65T-1/3+121-8T-2/?) 

[65] 

K° 

0.141T  x  io(-44-87+2.8t-V3) 

[65] 

w® 

0.141T  x  io(-12  097-28-46T_1/3+144-5r_2/3) 

[65] 

W?oH 

W?ol0 

[62] 

^2°0 

0.141T  x  io(-10-989-49-4T_l/3+77-3T_2/3) 

[67] 

0.9  •  W% 

[62] 

0.141  T  x  io(-12-289+14-75r_1/3) 

[65] 

^3,4 

4.16  x  10-14v/Texp(8.842  x  10-7T2  -  2.072  x  10“3T) 

[62] 

^3,9 

0.14171  x  io(-11-856-31-9ir_1/3+103-5r_2/3) 

[67] 

^3,13 

103.36T  x  10-21  exp(— 10.773  +  10.814T-1/3  -  11.128T-2/3) 

[62] 

w13(E 

[62] 

^4,2 

0.28  •  Wg 

[62] 

1*9, E 

0.141T  x  io(_10-292-69-94T_l/3+203-3T-2/3) 

[67] 

W4,9 

0.141  t  x  io(-15-2+°-0865(r_1/3-01)2) 

[62] 

Wi,u 

^3,13 

[62] 

^4,5 

exp(— 15.397  -  281.451J1-1/2  +  902.709T-2/3  -  638.1771"1) 

[62] 

WV 

exp(— 17.658  -  149.023T-1/3  +  347.214T"2/3  -  881.093T-1) 

[62] 

^4,10 

exp(— 25.894  -  41.41671-1/3  -  166.29 T~2/3) 

[62] 

^4,13 

103. 36T  x  io(-2  094T_1/3+0-732T_2/3-16-559) 

[63] 

w£{ 0°2 

exp(— 19.414  -  134.727T"1/3  +  253.19 T~2'3  +  2551.7T"1) 

[62] 

wj> 

0.141T  x  io(~9-079_142-84r_1/3+431-4r_2/3) 

[67] 

ws? 

0.141T  x  10"21  exp(24.81  -  220T-1/3) 

[62] 

wfo2 

[67] 
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Table  8.2:  Vibrational  energy  exchange  rate  constants  in 
C,  N,  0,  H  system 
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Table  8.2:  Vibrational  energy  exchange  rate  constants  in 
C,  N,  0,  H  system 


Table  8.2:  Vibrational  energy  exchange  rate  constants  in 
C,  N,  0,  H  system 


8.3  Results 

8.3.1  Dymanics  of  vibrational  levels  population 

Calculated  vibrational  distribution  functions  for  main  molecules  are  represented  in  Fig.8.1. 
It  is  obvious  that  all  distributions  are  non-Boltzmann  with  overpopulated  high-energy  lev¬ 
els.  The  presence  of  maxima  may  be  explained  by  a  selective  depopulation  of  electronically 
excited  states  and  by  recombination  flows. 
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8.3.2  Dymanics  of  pressure  and  N2(C'3IIU)  population  growth 

Figures  8.2,  8.3  represent  comparison  between  calculated  and  measured  profiles  of  N2(C  nu) 
number  density  and  total  mixture  pressure  at  initial  pressure  p0  =  4.72  Torr. 


8.4  Kinetic  scheme  analysis 

For  the  main  processes  underlining  the  kinetic  scheme  analysis  was  performed.  This 
analysis  depends  on  the  reaction  stage.  We  perform  the  analysis  for  the  first  stage  of  the 
reaction  (100%  N20  in  the  mixture),  and  for  the  final  stage,  corresponded  to  the  50% 
N20  decomposition. 

Figures  8.4,  8.5  represent  kinetic  curves  for  most  important  components. 

It  was  clearly  seen  the  characteristic  deviations  of  the  kinetics  during  initial  stage  of 
the  N20  decomposition,  when  concentrations  of  N2  and  02  in  the  mixture  are  small,  and 
during  final  stages,  when  processes  of  collisional  dissociative  deactivation  with  participa¬ 
tion  of  electronically-excited  N2  molecules  became  dominant. 

It  was  clearly  seen  the  difference  of  the  kinetics  on  the  initial  stage  of  the  N20  de¬ 
composition,  when  concentrations  of  molecular  nitrogen  and  oxygen  in  the  mixture  are 
relatively  small,  and  during  final  stage,  when  the  processes  with  collisional  dissociative 
deactivation  of  electronically-excited  N2  states  became  dominant  (Fig.8.4,  8.5). 

Time  interval  between  two  pulses  may  be  divided  into  4  parts:  the  first  one  from 
0  to  10~7  s,  the  second  one  —  from  10"7  to  10“5  s,  the  third  one  —  from  10~5  to  1(T3  s 

and  the  fourth  —  from  10~3  to  25  x  10-3  s. 

The  first  time  interval  corresponds  to  the  stage  of  discharge  and  its  early  afterglow, 
where  the  majority  of  excited  particles,  ions  and  radicals  is  generated,  radiative  depopula¬ 
tion  and  collisional  quenching  of  excited  electronic  states  take  place.  The  second  stage  is 
characterized  by  an  active  ion  recombination.  For  the  third  tune  interval  the  most  signifi¬ 
cant  process  is  a  conversion  of  the  rest  of  ions  and  excited  molecules  to  the  active  radicals. 
And,  finally,  on  the  fourth  stage  (time  interval  10-3  —  25  10  3  s)  chemical  processes  with 
free  radicals  are  predominate. 

8.4.1  Active  particle  flow  diagrams 

For  this  time  intervals  active  particle  flow  diagrams  were  constructed.  Diagrams  of  the 
active  particles  flow  are  represented  for  each  of  time  intervals  in  Fig.  8.6,  8.7.  Let  us 
consider  the  most  principal  processes  for  each  of  the  time  interval. 

1.  The  most  significant  processes  during  first  stage  10~7  seconds  after  current  pulse 
(Fig.  8.6,1)  are  processes  of  the  charge  transfer 

e-  +  (n20)  ->  O-  +  (N20)  -»•  NO"  +  (N20)  e“,  (8.1) 

This  cycle  leads  to  the  fast  N20  decomposition. 

N20  decomposition  takes  place  in  the  process  of  dissociative  quenching  of  N2(A  Su) 
and  in  the  reaction  N(2d)+(N20)  — ►  NO+N2. 
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2.  During  the  second  time  interval  —  from  10-7  to  10~5  s  (Fig.8.6,2)  cycle  (8.1) 
accelerates  dye  to  NO"  number  density  increase.  Nevertheless,  the  main  role  in 
N2O  decomposition  during  this  stage  plays  the  process  N2(A3E+)  +  N2O. 

3.  Third  subinterval  —  from  10-5  to  10-3  s  (Fig.8.6,3)  is  characterized  by  excit¬ 
ed  nitrogen  concentration  reduction  and  the  relative  role  of  the  ionic  mechanism 
increase. 

4.  From  10-3  to  25  x  10-3  s  (Fig.8.6,4)  rate  of  the  processes  with  NO  participation 
increases: 


NO  +  0  +  M  ->•  N02  +  M 
N02  +  0-4  NO  +  02 


and 


NO  +  N  -4  N2  +  0 

The  overall  picture  of  N20  decomposition  significantly  changes  during  N20  concen¬ 
tration  decrease.  The  set  of  main  processes  remains  the  same,  but  accents  is  transferred 
on  the  reactions  with  electronically-excited  molecular  nitrogen  and  oxygen  ions  (Fig.8.7). 

The  analysis  performed  shows  that  processes  with  participation  of  ions  and  electronically- 
excited  components  during  ^O-decomposition  in  high-current  pulse  discharge  play  prin¬ 
cipal  role. 

A  relative  role  of  processes  with  the  participation  of  O-atoms  is  not  significant  because 
of  a  high  energy  threshold  of  the  reaction 

N20  +  O  ->  NO  +  NO 

Despite  of  H2-air  system,  where  vibrational  excitation  of  the  gas  resulted  in  sharp  ac¬ 
celeration  of  the  oxidation,  in  the  process  of  N2 O-decomposition  the  vibrational  excitation 
of  the  gas  doesn’t  show  strongly  pronounced  effect. 

The  influence  of  vibrational  excitation  on  the  N2O  decomposition  by  pure  vibrational 
mechanism  of  acceleration  of  monomolecular  decay,  which  was  proposed  in  [51],  doesn  t 
play  some  noticeable  role  because  of  high  relaxation  rates  of  the  energy  distribution  func¬ 
tion  at  high  values  of  vibrational  numbers  (within  deformational  mode). 

A  decrease  of  the  reaction  threshold  of  the  process  N2O  +  0  — >■  NO  +  NO  (©  — 
14000  K),  also  does  not  lead  to  noticeable  increase  (compared  with  other  mechanisms)  of 
the  rate  of  N20-decomposition. 

The  influence  of  vibrational  non-equilibrium  is  revealed  on  another  way. 

On  the  one  hand,  due  to  the  vibrational  excitation  of  the  gas  processes  of  collisional 
detachment  of  electrons  from  ions  0",  O2  and  NO-  are  sharply  accelerated.  It  leads  to 
some  acceleration  of  recombination  processes  of  charged  particles  and,  thus,  to  decrease 
of  the  rate  of  circle  (8.1). 

On  the  other  hand,  excitation  of  the  gas  leads  to  some  increase  of  average  electron 
energy  in  the  discharge  due  to  superelastic  collisions,  and,  accordingly,  to  the  increase  of 
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N2(i43S+)  population  rate.  This  leads  to  the  increase  of  rate  of  dissociation  of  N20  in  the 
quenching  reaction.  The  rate  of  N20  dissociation  by  direct  electron  impact  also  increases. 

Both  of  this  processes  influence  indirectly  on  overall  rate  of  N20  decomposition  and 
practically  do  not  change  the  whole  rate  of  this  process. 
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Figure  8.1:  Vibrational  energy  distribut 
mode)  and  NoOfi's)  (antisymmetric  moc 


Figure  8.4:  Main  components  number  density  dynamics.  Initial  stage  of  the  decomposition 
([N20]/[N20]o  ~  1).  Initial  pressure  of  N20  p  =  4.72  Torr.  Ugen  =  —13  kV. 
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Figure  8.5:  Main  components  number  density  dynamics.  Final  stage  of  the  decomposition 
([N20]/[N20]o  ~  0.5).  Initial  pressure  of  N20  p  =  4.72  Torr.  Ugen  =  —13  kV. 
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Figure  8.6:  Active  particles  flow  diagram.  Initial  stage  of  the  decomposition 
([N2O]/[N2O]0  ~  1).  Initial  pressure  of  N20  p  =  4.72  Torr.  UQen  =  — 13  kV. 
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Figure  8.7:  Active  particles  flow  diagram.  Final  stage  of  the  decomposition 
([N20]/[N20]o  ~  0.5).  Initial  pressure  of  N20  p  =  4.72  Torr.  Uaen  =  —13  kV. 


Chapter  9 

Numerical  modeling  of  ignition  of 
combustible  mixtures  by  pulsed 
nanosecond  discharge 


In  [113]  we  demonstrated  the  fundamental  possibility  of  the  FIW  application  for  homoge¬ 
neous  ignition  of  chemically  active  mixtures.  There  was  reviewed  the  problem  of  ignition 
of  the  preliminary  heated  mixture  H2  -  O2  when  the  initial  active  particle  concentration  is 
created  by  the  nanosecond  pulsed  discharge.  The  main  objective  of  this  stage  of  research 
was  a  numerical  evaluation  of  efficiency  of  the  FIW  application  to  initiate  the  H2  -  air 
and  CH4  -  air  mixture  combustion. 


9.1  Kinetic  scheme 

Kinetics  scheme,  designed  by  the  purpose  the  subsequent  identification  of  a  set  of  chemical 
reactions,  should,  whenever  possible,  include  the  most  complete  list  of  those  elementary 
processes,  which  in  given  conditions  though  potentially  can  render  influence  to  process  as 
a  whole. 

The  selection  of  reactions  and  the  optimization  of  model  (spent  with  the  help  of  the 
analysis  of  speeds  and  sensitivity  spectrum  of  a  system  to  change  of  constants  of  speeds  of 
separate  reactions)  permit  to  identify  as  the  most  important  stages  and  to  exclude  from 
consideration  immaterial.  . 

As  far  as  the  modelling  of  chemical  processes  under  our  conditions  should  be  conduct¬ 
ed  in  a  wide  range  of  concentration  and  temperatures,  in  kinetics  scheme  were  included 
as  reactions  with  the  participation  HO2,  essential  only  at  the  lowest  temperatures,  as 
reactions  with  participation  of  atoms  N,  which  can  introduce  some  contribution  at  tem¬ 
peratures  above  3000  K.  The  model  was  completed  by  the  set  of  reactions,  which  describe 
free  radicals  appearing  due  to  the  ionization  wave  development. 

It  is  necessary  to  note  a  distinction  between  hydrogen-  and  methane-  containing  mix¬ 
tures.  In  the  case  of  the  mixtures  containing  hydrogen  a  significant  part  of  the  energy 
stored  in  discharge  is  directed  on  the  dissociation  of  molecular  hydrogen.  Relatively  high 
dissociation  degree  leads  to  an  active  reaction  development.  In  the  mixtures  containing 
methane,  a  cross-section  of  dissociation  of  CH4  by  an  electron  impact  is  mediocre,  and 
the  main  radical  produced  is  an  atomic  oxygen. 
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On  the  basis  of  great  difference  between  characteristic  times  (~  10-9  for  FIW  and  ~ 
10-6  for  combustion  processes)  the  problems  of  active  particles  formation  in  the  discharge 
and  ignition/combustion  were  separately  regarded. 

The  kinetic  system  including  83  reagents  was  used  for  analysis:  H,  H-,  H+,  H2,  H^, 
H3 ,  HO,  HO-,  HO+,  H02,  HO t,  H20,  H20+,  H202,  H202-,  H203",  H20£,  H30+,  HNO, 
hono,  hono2,  ho2no2,  N,  N(2D°),  N(2P°),  n+,  n2,  n^'e-),  Na(olnff),  N2(A3E+), 
N2(H3n,),  N2(P3E-),  N2((71,3nu),  N2(C73ntt),  N2(^Att),  N2+,  N2(uMu),  N3,  N+  N30+, 
N t,  NH,  NH+,  NH2,  NH3,  NH£,  NH4,  NO,  NO-,  NO+,  N02,  NOj,  NO t,  N03,  N03 , 
no3  ,  n2o,  n20-,  n2o+,  n2o+,  n2o3  ,  n2o3+,  n2o4,  n2o5,  0,  0(lD),  0 ?S),  0-(2P°), 
0(3P),  0-,  o+,  o2,  o^a,),  o2(A3E+),  02(6^+),  o2-,  o2 ,  o3,  o3 ,  o3+,  04-,  o4+, 

electrons. 

For  CH4  bearing  mixtures  reactions  of  C  and  C2  hydrocarbons  were  included. 


9.2  Initial  conditions 

To  solve  the  ignition  problem  FIW  was  assumed  to  be  defined  as  an  instantaneous  source 
of  the  O,  H,  N,  C  atoms,  ions  and  excited  molecules  of  concentrations  taken  on  the  basis 
of  the  available  experimental  data  and  numerical  calculations  of  excitation  by  an  electron 
impact.  The  ignition  of  mixture  H2:02:N2  =  5  :  19  :  76  was  calculated  for  initiation  of 
the  ionization  wave  of  amplitude  U  ~  250  kV. 


9.3  Results  of  calculations 

9.3.1  H2-Air  mixture 

Calculated  values  of  ignition  times  for  pressures  P  —  1,0.1,0.01,0.001  atm  are  given  in 
Fig.  9.1  respectively.  Curves  ”5-8”  in  the  figure  are  the  dependence  for  thermal  excitation, 
and  curves  ”  1-4”  —  dependence  at  instantaneous  exposure  to  a  thermal  excitation  and 
an  ionization  wave.  In  the  whole  temperature  range  from  2500  to  800  K  the  induction 
time  essentially  decreases  if  a  minor  preliminary  atom  concentration  is  created. 

Under  all  temperature  range  from  2500  to  800  K  induction  time  under  the  ionization 
wave  affect  much  more  smaller,  than  under  thermal  excitation  only.  At  high  temperatures 
(2500  K)  induction  times  differ  from  each  other  by  1.5  times.  This  difference  monotonically 
increases  with  temperature  decreasing  and  becomes  an  order  of  magnitude  at  T  —  1150  K 
(P  =  1  atm)  and  T  =  1100  K  (P  =  0.5  atm).  At  more  lower  temperatures  mechanism  of 
ignition  is  changed. 

The  calculations  show  an  additional  increasing  of  the  discrepancy  between  different 
ignition  regimes  with  the  translational  temperature  decrease  (rlnd/rfnd  ~  10  and  1000  at 
T  =  1100  and  1000  K,  respectively). 

The  sensitivity  of  the  induction  time  of  the  mixture  at  T  =  1250  K,  p  =  1  atm  in  the 
condition  of  thermal  (histograms  “2”)  and  combined  (histograms  “1”)  excitation  is  shown 
in  Fig.  9.2.  It  is  obvious  that  for  the  both  cases  the  maximum  sensitivity  corresponds  to 
the  processes  of  the  chain  propagation: 

H  +  02  — ^  O  +  OH 
O  +  H2  H  +  OH 
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Figure  9.1:  Temperature  dependence  of  ignition  delay  time  for  thermal  (5-8)  and  combined 
(1-4)  initiation.  Mixture  5%  H2  -I-  Air.  P  -  0.001,0.01,0.1,1  atm  for  1-4  and  5-8, 
respectively. 


and  reaction  of  the  chain  break  off: 

H  +  02  +  M  — >•  H02  +  M 

The  dependence  of  the  sensitivity  upon  rate  constants  of  different  processes  at  com¬ 
bined  excitation  at  T  =  820,  925  and  1250  K  is  represented  in  Fig.  9.3  (curves  1,  2  and 
3,  respectively).  The  dynamics  of  the  process  as  a  whole  is  defined  by  the  same  stages  at 
all  temperatures  considered.  An  abrupt  rise  of  sensitivity  coefficients  should  be  noted  at 
T  =  925  K.  It  corresponds  to  the  point  of  transition  of  an  ignition  mechanism  (Fig.  9.1) 
and  to  the  increase  of  the  role  of  processes  with  H02  as  temperature  decrease. 


Figure  9.2:  The  sensitivity  of  the  induction  time  of  the  mixture  at  T  —  1250  K,  p  = 
1  atm  in  the  condition  of  thermal  (histograms  2)  and  combined  (histograms  1)  excitation. 
Mixture  5%  H2  +  Air. 

9.3.2  CELi-Air  mixture 

Inasmuch  as  dissociation  degree  of  CH4  in  discharge  substantially  smaller  then  it  is  for 
hydrogen,  an  ignition  of  an  air-methane  mixture  is  much  more  difficult.  The  difference 
between  thermal  excitation  and  non-equilibrium  initiation  of  process  in  methane  is  not  so 
strong  as  in  hydrogen-containing  mixtures  (Fig.  9.4,  9.5,  9.6,  9.7). 

It  is  necessary  to  note  that  with  the  decrease  of  fuel  concentration  on  the  mixture  the 
process  transfers  from  chain-thermal  to  simple  chain  propagation  mechanism.  On  further 
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Figure  9.3:  The  dependence  of  the  sensitivity  upon  rate  constants  of  different  processes 
at  combined  excitation  at  T  =  820,  925  and  1250  K  (histograms  1,  2  and  3,  respectively). 
Mixture  5%  H2  +  Air. 

decrease  of  H2  or  CH4  concentration  the  propagation  of  reaction  comes  to  a  stop.  In 
such  a  case  an  influence  of  the  pulsed  discharge  leads  to  the  production  of  free  radicals 
and  electronically-excited  molecules.  The  following  evolution  of  created  nonequilibrium 
plasma  is  described  by  the  processes  of  recombination,  redistribution  of  an  internal  energy 
and  radiation  of  metastable  states. 

An  analogous  conclusion  may  be  made  for  the  high-temperature  boundary  of  ignition. 
In  fact,  for  the  flame  propagation  a  significant  heating  of  the  mixture  is  needed.  At 
low  temperatures  the  development  of  the  process  is  bounded  by  a  process  of  radicals 
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Figure  9.4:  Temperature  dependence  of  ignition  delay  time  for  thermal  (5-8)  and  combined 
(1-4)  initiation.  Mixture  0.2%  CH4  +  Air.  P  =  0.001,0.01,0.1,1  atm  for  1-4  and  5-8, 
respectively. 

recombination  because  of  relatively  high  energetic  barrier  of  bimolecular  processes  of  the 
chain  development. 


Induction  Time, 


1000/T,  K 

Figure  9.5:  Temperature  dependence  of  ignition  delay  time  for  thermal  (5-8)  and  combined 
(1-4)  initiation.  Mixture  9.5%  CH4  +  Air.  P  =  0.001,0.01,0.1,1  atm  for  1-4  and  5-8, 
respectively. 


Figure  9.6:  Temperature  dependence  of  ignition  delay  time  for  thermal  (5-8)  and  combined 
(1-4)  initiation.  Mixture  29.6%H2  +  Air.  P  =  0.001,0.01,0.1,1  atm  for  1-4  and  5-8, 
respectively. 
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Figure  9.7:  Temperature  dependence  of  ignition  delay  time  for  thermal  (5-8)  and  combined 
(1-4)  initiation.  Mixture  66.7%  H2  +  02.  P  =  0.001,0.01,0.1,1  atm  for  1-4  and  5-8, 
respectively. 


Chapter  10 


Numerical  Simulation  of  Active 
Species  Production  by  a  Positive 
Streamer  and  Streamer  Ignition 
Initiation 

10.1  Numerical  modeling  of  streamer  development 
and  propagation 

A  possibility  to  propagate  even  in  the  discharge  gaps  with  an  external  field  less  than 
breakdown  one  is  a  characteristic  feature  of  a  streamer  breakdown  [182].  Increasing 
interest  for  this  type  of  discharge  nowadays  is  explained  by  its  technical  applications, 
particularly  for  the  production  of  atoms,  ions  and  active  radicals  gases  at  high  pressures. 

Streamer  development  and  propagation  is  governed  by  processes  of  a  photoionization, 
ionization  by  an  electron  impact  and  drift  of  charged  particles  in  the  region  of  high  electric 
fields  in  a  streamer  head.  Streamer  velocity  range  is  107  — 108  cm/s  at  a  typical  radius  of 
a  streamer  channel  10~2  -  1  cm. 

10.1.1  Numerical  Modelling 

Numerical  calculations  of  the  last  decade  [191]-[192]  has  been  demonstrated  the  possibility 
of  a  modelling  of  streamer  breakdown  in  uniform  over-breakdown  fields  in  2-dimensional 
statement  of  the  problem.  All  these  papers  were  based  on  a  hydrodynamic  model  of 
electron  motion  description  solved  together  with  a  Poisson  equation  to  calculate  a  self- 
consistent  electric  field. 

There  are  a  few  papers  [193,  194,  195]  where  the  Monte-Carlo  technique  was  used  to 
calculate  an  electron  motion  and  heating  by  electric  field.  In  spite  of  the  fact  that  this 
technique  is  applicable  in  extremely  wide  region  of  parameters  and  allows  to  obtain  correct 
result  even  at  very  high  electric  fields  and  gradients  where  the  hydrodynamic  approach  is 
not  valid  their  computational  complexity  is  so  high  that  up  to  now  only  initial  stages  of 
the  avalanche  -  streamer  transition  were  calculated  using  Monte-Carlo  technique  [193]. 

In  [196]  for  the  description  of  a  streamer  propagation  electron  impulse  and  electron 
energy  conservation  laws  were  taken  into  account.  Electrons  were  considered  as  a  mass- 
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less  particles  in  the  local  equilibrium  with  an  electric  field.  Results  of  the  calculations 
were  close  to  results  obtained  in  diffusion-drift  approximation  [191,  197,  198,  199,  192]. 

To  solve  the  problem  of  a  streamer  propagation  in  the  long  discharge  gaps  so  called 
1.5D  models  were  proposed  [200].  These  models  include  1-dimensional  conservation  laws 
for  charged  particles  and  2-dimensional  equations  for  electric  field  calculation.  Such  mod¬ 
els  were  used  to  describe  streamer  propagation  and  plasmachemical  processes  in  weak 
fields  [201]-[202].  Unfortunately  these  models  need  a  fitting  parameter.  It  is  a  diameter 
of  a  streamer  channel,  which  influences  strongly  on  a  streamer  dynamics  and  properties. 

Taking  this  parameter  from  the  experiment  it  is  possible  to  fit  calculations  and  experi¬ 
mental  results.  At  the  same  time  in  complex  gas  mixtures  and  at  experimental  conditions 
where  this  parameter  is  unknown  results  will  not  be  very  reliable. 

Models  which  take  into  account  ionization  expansion  of  a  streamer  channel  represent 
an  interesting  development  of  the  model  mentioned  [203,  204].  The  dependence  of  initial 
choice  of  a  channel  radius  is  not  so  dramatic  here.  The  main  disadvantage  of  this  method 
is  an  averaging  of  all  plasma  parameters  across  a  diameter  of  a  streamer  channel. 

10.1.2  Streamer  propagation  in  air 

Streamer  modelling  was  held  in  2D  geometry  in  a  diffusion-drift  approximation.  The  nu¬ 
merical  model  includes  a  balance  equations  for  charged  particles  (10.1,10.2)  and  equation 
for  the  distribution  of  electric  fields  in  a  discharge  gap  (10.3): 


u,te  .  j*  (  \ 

—  +  div  (ve  •  ne) 

—  Sion  H"  S ph0t0  Satt 

(10.1) 

d  Ui 

d  t 

=  Sion  "1"  Sphoto  —  Satt 

(10.2) 

divE 

=  (pi  —  Ue) 

(10.3) 

Here  ne  and  are  electron  and  positive  ion  densities,  ve  is  a  drift  velocity  in  a  local 
electric  field  E,  S^  and  SPhoto  are  ionization  and  photoionization  rates  correspondingly, 
Satt  is  a  velocity  of  an  electron  attachment. 


‘S'ion 

Satt 


^photo 


(*£[N  +  ft&[Oa])  ne 
kau[°2}ne 


1  Pi  f 

4>rp  +  ;>j  J 


SU r,) 

I r  —  r  I2 


*(|r  —  r,|-p) 


(10.4) 

(10.5) 

(10.6) 


Here  [N2]  and  [02]  are  molecular  nitrogen  and  oxygen  concentrations  in  air,  [M]  is  a 
total  density  of  neutral  particles,  p  is  a  gas  pressure,  pq  is  pressure  of  quenching  of  the 
photoionizing  states,  \f(|r  —  rj  -p)  is  a  coefficient  of  ionizing  radiation  absorption. 

The  problem  was  solved  in  an  axial  geometry  in  a  cylindrical  coordinate  system  (z,  r). 
The  basic  equations  were  projected  on  an  adaptive  mesh  in  a  finite-difference  approx¬ 
imation.  An  anode  was  given  as  a  hyperboloid.  A  cathode  was  placed  at  a  distance 
L  —  24  mm  from  a  top  of  a  hyperboloid.  The  region  near  a  streamer  head  was  calculated 
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on  a  uniform  mesh  with  a  size  400x200  cell  each  one  5zmin  =  5rmin  =  0.01  mm.  Outside 
the  detailed  mesh  space  step  increased  monotonically  up  to  6zmax  =  5rmax  =  1.0  mm. 
The  total  number  of  cells  increased  with  a  streamer  propagation  and  reached  value  of 
1000x500.  A  typical  time  step  was  5t  ~  10-12  s  and  was  corrected  with  every  new  itera¬ 
tion. 

The  equations  (10.1-10.3)  were  solved  numerically  using  final  difference  schemes  which 
approximate  initial  equations  to  order  At  and  (Ax)2.  The  conservatism  of  an  initial 
system  of  equations  was  kept.  Equation  (10.3)  was  transformed  to  a  Poisson  equation 
with  known  boundary  conditions.  To  solve  the  equation  standard  method  of  Gauss-Seidel 
with  an  upper  relaxation  was  used. 

Because  of  computational  complexity  of  photoionization  calculation  we  calculated  pho¬ 
toionization  rate  once  per  a  several  steps  and  in  those  cells  only  where  electron  density 
was  less  than  threshold  value  ne  <  1010  cm-3. 

Rates  of  elementary  processes:  ionization  (fc££,  kf^)  and  dissociative  attachment  O2 
(katt)  were  taken  from  [205].  The  photoionization  rate  Sphoto  was  recalculated  according 
to  the  constant  rates  and  functional  dependencies  taken  from  [206,  207]. 

Approximating  formulas  for  constant  rates  of  processes  with  electrons  and  photoion¬ 
ization  are  represented  below  (here  and  further  7  =  1016  V-cm2=10  Td;  f  =  1  cm-Torr). 
To  calculate  the  constant  rates  authors  [205]  used  stationary  solution  of  the  Boltzmann 
equation  in  two-term  approximation. 
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Figure  10.1:  The  shape  of  a  voltage  pulse 

All  other  processes  may  be  neglected  in  the  time  interval  interested  (up  to  100  ns). 
When  modelling  a  streamer  development  in  a  “needle-plate”  geometry  high  voltage 
electrode  geometry  was  given  as  hyperboloid  of  revolution: 

G)’-©*-1  0OU, 

where  a  =  1.8  mm,  b  =  10  mm.  The  radius  of  curvature  of  an  electrode  tip  in  this 
case  equal  a? /b  =  0.324  mm.  Such  a  shape  of  a  high-voltage  electrode  looks  like  a  real 
anode  shape  used  in  experiments. 

Initial  pre-ionization  n°e  =  1012  cm-3  was  given  in  the  close  vicinity  to  the  high-voltage 
electrode  in  a  volume  given  by  Sx  =  Sr  =  0.01  mm. 

Results  of  a  numerical  modelling 

A  strong  dependence  of  streamer  parameters  upon  a  rise  time  of  a  high-voltage  pulse 
on  a  high-voltage  electrode  has  been  demonstrated  in  [208]  in  the  frameworks  of  a  1.5D- 
modelling  of  a  streamer  discharge  in  air  in  1  cm  gap.  So,  to  be  careful  with  the  shape  of 
initial  voltage  we  used  the  high-voltage  pulse  with  the  same  shape  as  it  was  in  experiments 
[209]  (Fig.  10.1). 

Typical  streamer  parameters  at  the  time  50  ns  after  beginning  of  the  voltage  growth 
are  represented  in  Fig.10.2,  10.3. 

The  dynamics  of  a  streamer  propagation  is  represented  in  Figures  10.4,10.5,10.6. 
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In  all  figures  the  isolines  of  a  non-compensated  charge,  electron  density,  total  electric 
field,  ionization  rate  by  an  electron  impact  and  photoionization  rate  are  represented, 
correspondingly: 

•  A  -  logarithm  of  the  space  charge: 

-  positive  (blue)  3  •  10-6  -  10-l°  Kl/cm3, 

-  negative  (red)  3  •  10~7  —  10-10  Kl/cm3; 

•  B  -  absolute  reduced  electric  field  value  up  to  600  Td  with  the  step  50  Td; 

•  C  -  logarithm  of  the  electron  number  density;  minimum  =  1012,  maximum  = 
5  •  1014  cm-3; 

•  D  -  logarithm  of  the  ionization  rate: 

-  positive  (blue)  2  •  1012  -  107  cm~3/s, 

-  negative  (red)  1011  —  107  cm-3/s; 

•  E  -  the  photoionization  rate  up  to  2  •  108  cm-3/s  with  the  step  size  107  cm~3/s. 

Streamer  channel  length  and  radius  change  with  time  are  represented  in  Fig.  10. 7.  An 
initial  acceleration  and  expansion  of  the  channel  are  due  to  voltage  rise  on  the  anode. 

Peak  electric  fields  dynamic  is  represented  in  Fig.10.8.  Practically  in  all  the  gap  peak 
values  of  an  electric  fields  do  not  change  and  equal  Ez  =  530  ±  10  Td,  Er  =  350  ±  5  Td. 


Comparison  with  the  results  of  experiments 

To  compare  with  the  experimentally  studied  intensities  of  emission  of  2+  and  1“  nitrogen 
systems  the  dynamics  of  population  of  N2(C3IIU,  v  =  0)  and  Nj (B2E+,v  =  0)  excited 
states  was  calculated.  Taking  into  account  calculated  electron  density  ne(z,r,t)  and 
reduced  electric  field  E/N(z,  r,  t )  the  equation  for  the  excited  state  balance  were  solved: 

®  =  t„-f>e-[N2(XISs+)l-E  (10.12) 

where  kex  is  a  constant  rate  of  the  level  excitation  by  a  direct  electron  impact,  ne  is  an 
electron  density,  r  is  a  total  lifetime  of  the  level  taking  into  account  radiative  lifetime  and 
collisional  quenching: 

Tc  =  (1/t£  +  fcf[N2]  + 
n  =  (l/4  +  ^[N2]  +  C[02]  +  fcnN2J[M])-‘ 

The  structure  of  the  streamer  head  at  a  time  moment  t  =  62  ns  is  represented  in 
Fig.  10.9.  Profiles  of  the  electric  fields  and  electron  density  on  the  axis,  profiles  of  the 
space  charge  per  unit  length  and  excitation  rates  of  N2(C3IIU,  v  =  0)  and  Nj (B2E+,  v  —  0) 
states  are  demonstrated  in  the  Figure.  It  is  obviously  seen  that  the  region  of  an  intensive 
excitation  of  the  electron  states  follows  immediately  after  a  front  of  the  non-compensated 
charge.  It  is,  in  fact,  a  superposition  of  an  electric  field  and  electron  density  profiles. 
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Figure  10.5:  The  isolines  of  a  non-compensated  charge,  electron  density,  total  electric 
field,  ionization  rate  by  an  electron  impact  and  photoionization  rate  at  t  =  75  ns. 
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Figure  10.6:  The  isolines  of  a  non-compensated  charge,  electron  density,  total  electric 
field,  ionization  rate  by  an  electron  impact  and  photoionization  rate  at  t  =  100  ns. 


Dependencies  of  production  of  N2(C3IIU,  v  =  0)  and  N2(B2E+,  v  =  0)  per  unit 
length  of  the  channel  -  states  along  a  discharge  gap  integrated  in  time  is  represented 
in  Fig.10. 10, 10.11.  A  quite  good  coincidence  of  data  may  be  considered  as  a  validation  of 
streamer  description  in  a  diffusion-drift  approximation. 

The  comparison  of  experimental  and  calculated  peak  reduced  electric  fields  along  a 
discharge  axis  is  represented  in  Fig.10. 12.  In  the  region  of  relatively  weak  electric  field 
(up  to  600  Td)  we  obtain  a  quite  good  coincidence.  At  small  distances  (less  than  4-5  mm) 
difference  may  be  explained  by  the  fact  that  two-term  approximation  of  the  Boltzmann 
equation  is  not  valid  in  this  region  because  of  strong  electric  fields  near  the  electrode. 
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Figure  10.10:  Production  of  the  N2(C3IIU,  v  =  0)  -state  per  unit  length  of  the  channel 
along  a  discharge  axis. 


„0'-'n'^cu 


Experimental 

Calculated 


Distance,  mm 

Figure  10.11:  Production  of  the  N^(B2E+,  v  =  0)  -state  per  unit  length  of  the  channel 
along  a  discharge  axis. 
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Figure  10.12:  Peak  electric  field  propagation.  Comparison  of  experimental  data  and 
calculations.  Numerical  profiles  are  represented  for  time  moments  t  —  28  —  78  ns  with  a 
time  step  At  =  5  ns. 
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10.2 


Simulation  of  active  species  production  in  CH^Air 
mixtures  and  ignition  initiation 

In  this  part,  we  simulate  the  properties  of  a  positive  streamer  in  CH4-air  mixtures  in  a 
nonuniform  electric  field.  The  production  of  the  active  particles  including  atoms,  radicals 
and  electronically  excited  molecules  by  a  long  positive  streamer  is  calculated  versus  gas 
composition,  pressure,  and  temperature.  The  results  are  used  to  estimate  the  efficiency 
of  the  streamer-corona  ignition  of  the  combustion  in  the  considered  gaseous  mixtures. 


0  2  4  6  8  10  12 


Figure  10.13:  Streamer  velocity  and  length 
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10.2.1  The  simulation  model 

The  1.5D  simulation  model  and  numerical  method  used  in  the  present  calculation  are 
essentially  the  same  as  those  used  by  the  authors  to  simulate  a  long-streamer  propagation 
in  atmospheric  pressure  air  [58,  89].  That  is,  the  radius  of  the  streamer  channel  was 
assumed  to  be  fixed.  The  basic  dynamic  equations  for  the  streamer  propagation  are  the 
continuity  equations  for  electrons,  ions  and  active  species  and  Poisson’s  equation  for  the 
electric  field.  These  equations  were  solved  numerically. 

10.3  Dependence  of  the  rate  constants  on  the  re¬ 
duced  electric  field  value  for  numerical  mod¬ 
elling  of  the  streamer  propagation  in  the  sto¬ 
ichiometric  mixture  CH4  -  air. 

All  rate  constants  are  in  units  cm3/s.  Reduced  electric  field  is  represented  as  a  parameter 
1  =\E\-  1016/[7V],  where  E  in  V/cm,  N  —  in  cm-3;  drift  velocity  is  in  cm/s. 

10.3.1  Electrons  drift  velocity 

{if  7  <  1  then  vdr  =  2.31  •  106  •  7035  •  \E\X 

if  7  >  1  and  7  <  30  then  vdr  =  2.08  ■  106  •  7074  •  (10.14) 

if  7  >  30  then  vdr  =  1.1  •  105  •  717  •  \E\X 

10.3.2  Processes  rate  constants  with  participation  of  N2  and  O2 


N2  +  e  =  N2(A3Ej)+e 

(10.15) 

*.cu6  =  10-!«-1344^ 

N2+e  =  N2(B3ns)+e 

(10.16) 

fcio.i6  =  lo-8-25-14-32/7 

N2  +  e  =  N2(a'lE-)  +  e 

(10.17) 

*io.ir  =  10-827-17-65/7 

O2  +  c  =  02(a1Ag)  +  e 

(10.18) 

'  if  7  <  4.5  then  k10.is  =  10~10-26-0-79/7 

<  if  7  >4.5  and  7  <20  then  fcio.is  =  lO"8-74-7-68/7 

k  if  7  >  20  then  k^.u  =  10-8-68-7-7/7  —  7  •  3.1  •  10-3 

02  +  e  =  CMb1^)  +  e  (10.19) 
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if  7  <  5  then  fc10.i9  =  10"12  06  +  72  •  3.97  •  10~2 

if  7  >  5  and  7  <  10  then  k10.i9  =  lO"9-13-9'7/7 

if  7  >  10  then  A70.19  =  lO"9-4-™5/7  -  7  •  1.7  •  10"3 


O2  +  e  —  0  +  O  +  e  (10.20) 

f  if  7  <60  then  fcio.20  =  10"8-55-13-24/7 
\  if  7  >60  then  fcio.20  =  10~8'96+9/7 

O2  +  e  =  0  +  0(1D2)  +  e  (10.21) 

f  if  7  <30  then  fcio.21  =  10"7  6_1519/7 
\  if  7  >  30  then  fcio.21  =  lO-7-18"29-65/7 

02  +  e  =  O  +  O(1S0)  +  e  (10.22) 

&10.22  =  ^10.20 

N2  +  e  =  e  +  e  +  (10.23) 

f  if  7  <30  then  fcio.23  =  10-8-08~37-57/7 
{  if  7  >30  then  &10.23  =  10~6-57_80-76/7 

N2(A3E+)  +  e  =  Nj+e  +  e  (10.24) 

k10, 24  =  lO-8-2"20-4/7 

O2  +  e  =  e  +  e  +  (10.25) 

f  if  7  <  30  then  fcio.25  =  10-8,44-2611/7 
\  if  7  >30  then  fcio.25  =  10_6'43“81-46/7 

02  +  e  +  02  =  OJ  +  02  (10.26) 

fcio.26  =  (4.7  -  0.25  •  7)  •  10"31 

02  +  e  =  0"  +  O  (10.27) 

f  if  7  <10  then  k10.27  =  lO~9A7~n-29h 

<  if  7  >  10  and  7  <  60  then  fc10.27  =  10~10-28-3-75/7 

{  if  7  >60  then  fcio.27  =  10-1O  87+13  96/7 

O3  +  e  =  O2  “l-  O  +  e  (10.28) 

fcio.28  =  10  •  (^10.20  +  fcio.21  +  fcio.22) 

N2  +  e  =  N2(C3nu)  +  e  (10.29) 

Aho.29  =  lO-8'23"21-28/7 

N2(C3nu)+e  =  e  +  e  +  N+  (10.30) 


156 


&10.30  =  &10.104 


O2  +  O2  —  e  +  O2  4-  O2  (10.31) 

*10.31  =  10"10  •  (1  -  exp(-1570/T))  x 
x  (0.73  •  exp(— 6030/Te//) 

+  1.75  •  exp(— 1540/T  -  4490/Te//) 

+  2.63  •  exp(— 3060/T  -  2970/re//) 

+  3.50  •  exp(— 4560/T  -  1470/Te//)) 


Teff  =  T  +  9.83 -72 

N++e  =  N2  +  N2 
*10.32  =  2.0  •  10-7  •  (300/Te)°-7 

(10.32) 

+  e  =  O2  +  O2 

*10.33  =  1-4  •  10-6  • 

(10.33) 

02N2+  +  e  =  O2  +  N2 
*10.34  =  1.5  •  10"6  •  yjrt 

(10.34) 

N  $  +  e  =  N  +  N 

*10.35  =  2.8  •  10-7  • 

(10.35) 

O2  +  e  =  0  +  0* 
fcio.36  -  2.0  *  10-7  *  (300/re)°-7 

(10.36) 

0  +  O3  =  O2  +  O2 
*10. 37  =  2  •  10~u  •  exp(— 2300/T) 

(10.37) 

0  +  N2  +  O2  —  O3  +  N2 

A:lo.38  =  (6.2-10-34)- 

(10.38) 

0  +  O2  =  O3 
kw.3,  =  (6.9  •  10"34)  ■  ™ 

(10.39) 
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02(b1S+)  +  N2  =  02(a1Ag)  +  N2 
kioAo  =  exp(-253 /T)  •  4.9  •  10"15 

(10.40) 

0(1So)  +  02  =  0  +  02 

(10.41) 

fcio.4i  =  exp(— 850/T)  •  2.97  •  10"12 

O(1S0)  +  O2  =  O(1D2)  +  O2(v) 
fcio.42  =  exp(-850/T)  •  1.33  •  10“12 

(10.42) 

O(1S0)  +  0  =  0(1D2)  +  0 

(10.43) 

.10,3  =  exp(  T  )  •  5  •  10  11 

NJ  +  N2  +  N2  =  NJ-  +  N2 

(10.44) 

^o«  =  (5.10-).(f)2 

Oj  +  O2  +  O2  =  Oj  +  O2 

(10.45) 

*,o,5  =  (2.4.10-»,.(^)3 

0+  +  N2  +  N2  —  O2N2-  +  N2 

(10.46) 

.10,6  =  (0.9. 10-20).  (f)2 

Oj  +  02  =  O2"  +  02  +  02 

(10.47) 

/300\ 4 

.10,7  =  3.3  •  10-6  •  (  —  )  •  exp(— 5030/T) 

o2n+  +  n2  =  o+  +  n2  +  n2 

(10.48) 

4l„1a  =  (1.1.10-).(^)2-Q3.exp(-2357/T) 

02  +  O2  +  M  =  O4  +  M 

(10.49) 

.10,9  =  (3.5  •  IO-31)  •  ^ 

0  +  O2  +  M  =  O3  +  M 

(10.50) 

kw,0  =  (1.1  •  ur»)  •  ^ 
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04  -|-  M  —  O2  “I-  O2  "I-  M 
kio.51  =  exp(— 1044/T)  •  10~10 

(10.51) 

(T+Nj  =  0  +  N2 
&10.52  =  2  •  10"7  •  yJm/Tpr 

(10.52) 

o2+n+  =  o2  +  n2 

Ar10. 53  =  2  •  10"6  •  (300/Tprf2 

rpr  =  T  +  10-t2~ 

(10.53) 

0  +  02  =  0  +  02 

if  7  <  8  then  fcio.54  =  0 

if  7  >  8  and  7  <  20  then  fcio.54  =  73  •  1.7  •  10-15 

if  7  >  20  then  fcio.54  =  7  •  6.8  •  10-13 

(10.54) 

N2(a'1S")  +  N2(a,1S-)  =  N+  +  e 
*10.55  =  2  •  10~10 

(10.55) 

N2(A3E+)  +  N2(a/1EU )  =  N4"  +  e 
*10.56  =  5*10  11 

(10.56) 

O3  +  e  —  O2  +  0 
*10.57  =  1  *  10  9 

(10.57) 

02  +  02(a1Ag)  =  e  +  02  +  02 
*10.58  =  2  •  10  10 

(10.58) 

02  +  02(b1Eg )  =  e  +  02  +  02 
*10.59  =  3.6  •  10  10 

(10.59) 

02  +  N2(A3E+)  =  e  +  N2  +  02 
*10.60  =  2.1  •  10”9 

(10.60) 

02  +  N2(B3n6)  =  e  +  N2  +  02 

A?io.6i  =  2.5  *  10”9 

(10.61) 
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0  -f-  O^si^Ag)  —  e  +  O3 
*10.62  =  3-  10-10 

(10.62) 

0-  +  02(b1E+)  =  e  +  0  +  02 

*10.63  =  6.9 -lO"10 

(10.63) 

0"  +  N2(A3E+)  =  e  +  0  +  N2 
*10.64  =  2.2  •  10"9 

(10.64) 

0"  +  N2(B3ng)  =  e  +  0  +  N2 

*io.65  =  1.9 -10-9 

(10.65) 

O2  +  0  =  e  +  O3 
*10.66  =  1.5  •  10"10 

(10.66) 

0“  +  0  =  e  +  02 

*1.0.67  =  5  •- 10-1° 

(10.67) 

O3  +  0  =  e  +  02  +  02 
*10.68  =  3-10  10 

(10.68) 

0  +  02  ==  e  +  O3 

*10.69  =  5-10  15 

(10.69) 

N2(A3£+)  +  02  =  N2  +  0  +  0 
*10.70  =  2.54  •  10"12 

(10.70) 

N2(A3S+)  +  02  =  N2  +  OzCa'Ag)  or  02(b1£+) 

*10.7i  =  1.29  •  10“12 

(10.71) 

N2(A3£+)  +  0  =  N2  +  0(%) 

*1.0.72  =  2.1  *  10-11 

(10.72) 

N2(B3n6)  +  N2  =  N2  +  n2 

*10.73  =  5  •  10"11 

(10.73) 
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N2(B3ng)  =  h  v  (10.74) 

fc1(m  =  1.5  •  105 

N2(B3ng)  +  02  =  N2  +  0  +  0  (10.75) 

fcio.75  =  3-10  10 

N2(a'xE-)  +  N2  =  N2(B3ng)  +  N2  (10.76) 

fcl.0.76  =  2*10  13 

N2(a;1Eu )  +  02  =  N2  +  0  +  0  (10.77) 

&10.77  =  2.8  •  10  xx 

O3  +  02(bxSg )  =  02  +  02  +  0  (10.78) 

*10.78  =  1.8  •  10~n 

0(1D2)  +  N2  =  0  +  N2  (10.79) 

*10.79  =  2.57  •  10-11 

0(1D2)  +  02  =  O  +  02  (10.80) 

*10.80  =  3.20  •  10"11 

0(1D2)  +  02  =  O  +  02(v)  (10.81) 

*10.81  =  8.0  •  10-12 

0(1D2)  +  O3  =  0  +  0  +  02  (10.82) 

*10.82  =  1.2  •  lO"10 

0(1D2)  +  O3  =  02  +  02(v)  (10.83) 

*10.83  =  1.2  •  10"10 

O(1S0)  +  O3  =  0(1D2)  +  0  +  02(v)  (10.84) 

*10.84  =  2.9  •  10-10 

0(lSo)  +  02(a1Ag)  =  0(xD2)  +  02(bxS+)  (10.85) 

*10.85  =  3.6  •  10-11 
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O(xS0)  +  02(a1Ag)  =  0  +  0  +  0  (10.86) 

*10.86  =  3.4  •  10  11 

0(%)  +  02(a1Ag)  =  0  +  02(ax  Ag)  (10.87) 

*io. 87  =  1.3  •  lO”10 

N2  +  02  =  Oj"  +  N2  (10.88) 

*10.88  =  6  •  10-11 

+  O3  =  0£  +  0  +  N2  (10.89) 

*10.89  — 10  10 

N4  +  02  =  O2"  +  N2  +  N2  (10.90) 

*10.90  =  2.5  •  lO"10 

N2(B3n6)+e  =  e  +  e  +  N+  (10.91) 

*1*91  =  lO-8;2-181/? 

0|  +  0  =  0^  +  03  (10.92) 

*10.92  =  3  •  10  10 

02Nj  +  02  =  0^  +  202  (10.93) 

*10.93  =  10-9 

O2  +  O  =  02  +  0~  (10.94) 

*10.94  =  3.3  •  lO"10 

02  +  O3  =  03  +  02  (10.95) 

*10.95  =  4  •  10-1° 

0“  +  02  (a1  Ag)  =  OJ  +  O  (10.96) 

*10.96  =  10  10 

O  +  O3  =  0  +  03  (10.97) 

*10. 97  =  5.3  •  10~10 
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10.3.3 


03  +  0  —  O2  +  O2 

(10.98) 

fc10.98  =  3.2.10-10 

O4  +  0  =  03  +  O2 

(10.99) 

*10.99  =  4  •  10-10 

O4  +0  =  0  +  2O2 

(10.100) 

*10.100  =  3  •  10  10 

O3 +n+  =  o3  +  n2 

(10.101) 

*10.101  =  3  •  107 

O4  +  =  o4  +  n2 

(10.102) 

*10.102  =  10-11 

0  +  Oj  =  0  +  O2 

(10.103) 

*10.103  =  3  *  10  10 

N2(a'1E-)  +  e  =  e  +  e  +  N^ 

(10.104) 

U  —  ■[  n-7.72-18.9/7 

"■10.104  —  10 

O3  +  02+  =  O3  +  O2 

(10.105) 

*10.105  =  0 

Water  vapor  influence 

6  +  O2  +  H2O  =  02  +  H2O 

(10.106) 

*10.106  =  3.16  •  10-30/ (7)0'54 

0“  +  H20  =  OH-  +  OH 

(10.107) 

*10.107  =  1.4  •  10  9 

OH"  +  O  =  H20  +  e 

(10.108) 

fcio.108  =  2  •  10-1° 

OJ  +  H20  +  (M)  =  0J(H20)  +  (M) 

(10.109) 
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&10.109  —  2.8  •  10  9 


0J(H20)  +  H20  +  (M)  =  0J(H20)2  +  (M)  (10.110) 

fcio.no  =  2.6  •  10~9 

OH"  +  H20  +  (M)  =  0H"(H20)  +  (M)  (10.111) 

fcio.ni  =  3.2  •  10~9 

0H-(H20)  +  H20  +  (M)  =  0H-(H20)  +  (M)  (10.112) 

fcio.112  =  2.8  •  lO"9 

H  +  02  =  H02  +  e  (10.113) 

fcio.113  =  1*2  •  10  9 

H-+H20  =  0H-+H2  (10.114) 

fcio.114  =  3.8  •  10  9 

02+  +  H20  +  (M)  =  Q+  (H20)  +  (M)  (10.115) 

fcio.115  =  0.93  •  10-9 

0+(H20)  +  H20  =  H30+  +  OH  +  02  (10.116) 

fclO.116  =  10-1° 

0+  +  H20  =  0^(H20)  +  02  (10.117) 

fcio.m  =  0.5  •  10"9 

N+  +  H20  =  N2  +  H20+  (10.118) 

fcio.ns  =  2.2  •  10"9 

H20+  +  02  =  H20  +  0+  .  (10.119) 

fcio.n9  =  4.3  •  10"10 

H20+  +  H20  =  H30+  +  OH  (10.120) 

fci  0.120  =  0.57  •  10-9 

H30+  +  H20  +  (M)  =  H30+(H20)  +  (M)  (10.121) 
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fcio.121  =  1-03  •  1(T9 


H30+(H20)  +  H20  +  (M)  =  H30+(H20)2  +  (M)  (10.122) 

*10.122  =  0.93  •  10— 9 

H30+(H20)2  +  H20  +  (M)  =  H30+(H20)3  +  (M)  (10.123) 

*10.123  =  0.87  •  10  9 

e  +  H20+  =  H  +  OH  (10.124) 

*io.i24  =  2.0  •  10"7  .  (300/Te)°-7  •  3.15  •  10~7  •  y/¥e 

e  +  H30+  =  H20  +  H  (10.125) 

*10.125  =  2.0  •  10"7  •  (300/Te)°  7  •  5  •  10~7  •  y/re 

e  +  0£(H20)  =  02  +  H20  (10.126) 

*io.i26  =  2.0  •  10-7  •  (300/re)°  7  •  4.2  •  10"6  •  (300/re)°-48 

e  +  H30+(H20)  =  H  +  2H20  (10.127) 

*10.127  =  2.0  •  10"7  •  (300 /Te)°'7  •  2.5  •  10"6  •  y/¥e 

e  +  H30+(H20)2  =  H  +  3H20  (10.128) 

*io.i28  =  2.0  •  lO"7  •  (300/Te)°-7  •  4.5  •  10"6  •  /z; 

e  +  H30+(H20)3  =  H  +  4H20  (10.129) 

*io.i29  =  2.0  •  lO"7  •  (300/Te)°  7  •  6.5  •  10"6  •  y/¥e 

e  +  H20  =  0"  +  OH  (10.130) 

*10.130  =  *10.27 

e  +  H20  =  e  +  e  +  H20+  (10.131) 

*10.131  —  *10.25 
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(10.132) 


10.3.4  Processes  with  hydrocarbons  participation 

CH4  +  e  =  CH|  +  e  +  e 


if  7  <  30  then  Jfc10.i32  =  lO"8  01-26-39^ 
if  7  >  30  then  k10. 132  =  lO"6-47-68-67^ 

CH4  +  e  =  CH4  +  e 

(10.133) 

if  7  <  30  then  fcio.133  =  10“ 7  64— 17  07/'y 
if  7  >  30  then  fc1(U33  =  lO"6-78-40-66^ 

CH4  +  e  =  CH3  +  H  +  e 

(10.134) 

&10.134  =  60  •  fcio.  133/73 

CH4+e  =  CH2  +  H2 

&10.135  =  10  ’  &10.133/73 

(10.135) 

CH4  +  e  =  CH  +  H2  +  H 

(10.136) 

^10.136  —  3  •  fcio.133/73 

10.3.5  Temperature  correction  for  dissociative  attachement 

^10.27  =  ^10.27  '  (1  —  z)  *  (1  +  3.2  •  z  +  7.9  •  7?  +  15.8  •  z 3  H-  28.2  •  z4) 

z  =  exp(— 2270/T) 

10.3.6  Temperature  correction  for  tree-body  attachement 

If  7  >  18.8  fcio.26  =  0. 

If  7  <  18.8  : 

^10.26  =  ^10.26  ■  (300/T)0-33  •  (1  —  z)  •  (1  +  0.5  •  z  +  0.45  •  z2  +  0.32  •  z3) 

where 

z  —  exp(— 2270/T) 
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r  =  exp(— 0.2275/C4) 


&10.91  —  &10.91  '  Acorr 


Process  (10.91) 

For  7  >  14: 

If  Tvib  <  0.431,  then 


where 


Ac orr  =  exp(1.925  •  Z  •((  1  -  r)2)/r/(  1  -  Z ))  •  10  Ce^'z 


If  Tvib  >  0.431, 


£  =  exp(— 0.244/Tuii) 


where 


&10.91  —  &10.91  •  ^6/0.431  •  Acorr 

Acorr  =  exp(1.925  •  Z  •  ((1  -  r)2)/r/(l  -  Z))  •  10c^n'z 
Z  =  exp(— 0.244/0.431) 
r  —  exp(— 0.244/C4) 


Process  (10.104) 

For  7  >  14: 

If  TVib  <  0.431,  then 

where 


’'10.104 


=  k 


10.104 


■Ac 


Acorr  =  exp(4.905  -Z-((  1  -  r)2)/r/(  1  -  Z))  ■  10c^z 


If  Tvib  >  0.431, 


Z  =  exp(-0.232 /Tvib) 


where 


&10.104  =  &10.104  *  TUfe/0.431  •  Acorr 


Acorr  =  exp(4.905  •  Z  •  ((1  —  r)2)/r/(l  —  Z))  •  \{fE/n'z 
Z  =  exp(— 0.232/0.431) 


r  =  exp(— 0.232 /Ue) 


10.4  Simulation  results 


Figure  10.2  shows  the  calculated  evolution  with  time  of  the  streamer  velocity  and  length 
in  humid  air  (2%  H20)  and  in  a  N2:02:H20:CH4=71:18:2:9  mixture. 

The  simulation  was  performed  at  a  pressure  of  P=10  atm  and  T=300  and  800  K  for 
a  spherical  anode  of  110=0.1  cm,  an  infinitely  distant  cathode  and  an  applied  voltage  of 
U=180  kV  (T=300  K)  and  100  kV  (T=800  K).  The  radius  of  the  streamer  channel  was 
assumed  to  be  rs=0.03  cm.  Our  calculation  shows  that  the  effect  of  CH4  admixture  on  the 
streamer  properties  is  less  pronounced  than  that  of  the  gas  temperature.  The  temperature 
effect  is  due  to  a  change  in  the  composition  of  positive  ions  in  the  streamer  channel  and 
as  a  result  due  to  decelerating  electron-ion  recombination  [86]. 

Figure  10.4  shows  the  axial  profiles  of  densities  of  atoms,  excited  molecules  and  radicals 
in  the  streamer  plasma  in  a  N2:02:H20:CH4=71:18:2:9  mixture  at  the  instant  at  which 
the  streamer  is  1.15  cm  in  length.  The  dominant  neutral  active  species  are  O,  N2(A3£+), 
CH3andH. 
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10.5  Initiation  of  ignition 

The  densities  of  active  species  in  the  streamer  channel  at  800  K  and  10  atm  were  considered 
as  initial  conditions  for  the  numerical  modelling  of  ignition. 

The  kinetic  scheme  including  113  reagents  was  used  for  the  analysis.  For  CH4  — 
bearing  mixtures  reactions  of  C  and  C2  hydrocarbons  were  included: 

H,  H~,  H+,  H2,  H t,  H t,  HO,  HO“,  HO+  H02,  HO£,  H20,  H20+,  H202,  H202 , 
h2o3- ,  H20 f,  H30+, 

HNO,  HONO,  H0N02,  H02N02) 

N,  N (2D°),  N (2P°),  N+,  N2,  N^'E;),  N^II,),  N2(,43E+),  N2(53nff),  N2(F3E-), 
n^c1-3^),  N2(c3nu),  n2(if1au),  nj,  n2(u/3au),  n3,  n£,  n3o+,  n|,  nh,  nh+,  nh2, 
nh3,  nh£,  nh4,  no,  NO-,  no+,  no2,  NO2 ,  no£,  no3,  no3  ,  N03 ,  N20,  N20", 
n2o+,  n2o i,  N203-,  n2o^,  N2O4,  n2o5, 

O,  0 {lD),  0(lS),  0-(2F°),  0(3P),  0-,  O+,  02,  Oj^A,),  02(A3E+),  02(&1S+),  02 , 

,  03,  03 ,  O^ ,  04 ,  Oj" , 

electrons, 

C,  CO,  C02,  C+,  C t,  CO+,  CO t,  c2o 2+, 

CH,  CH2,  CH3,  CH4,  C2H,  C2H2j  C2H3,  C2H4,  CH+,  CEf,  CH j,  C2H+,  C2Hj,  C2H^, 

HCHO,  HCO,  HCOOH,  CH3OOH,  CH302,  CH30,  CH3OOCH3,  CH3OH. 

Figures  3-5  shows  the  evolution  in  time  of  the  mole  fraction  of  a)  electronically  excited 
particles  (fig.10.5);  b)  positive  ions  (fig.10.5)  and  c)  dominant  radicals  and  products  of 
chemical  reactions  (fig.10.5). 
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Figure  10.16:  Time  evolution  of  the  mole  fractions  of  positive  ions 
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Four  characteristic  periods  of  the  system  evolution  may  be  pointed  out.  The  first  one  is 
a  recombination  of  ions  and  electrons.  At  high  pressuns  both  dissociative  recombmation 
to  form  atoms  and  radicals  and  three-body  recombination  are  importan  •  , 

The  relaxation  of  electronically  excited  states  is  mainly  dominated  by  collisional 
quenching.  This  leads  to  an  increase  in  the  density  of  active  species  (see  for  mstance 
the  process  N2(B3n,)  +  02  -t  N2  +  0  +  0).  Excited  molecules  (excluding  02(a  As))  and 

ions  disappear  for  a  fraction  of  a  millisecond. 

The  second  stage  corresponds  to  the  initiation  period  of  ignition.  e  possi  1 1  y 
ignition  initiation  depends  strongly  upon  processes  in  this  stage.  A  necessary  conditi 
for  the  development  of  combustion  is  the  maintenance  of  the  chain  mechanism  of  reacbon 
which  is  determined  by  the  relation  between  the  rates  of  the  chmn  termination  reactions 
and  those  of  the  chain  propagation  reactions.  Because  of  a  significant  difference  between 
the  thresholds  of  these  reactions  (a  few  thousand  degrees  for  cham  propagation  and  zero 
energy  for  three-body  reactions  of  recombination)  the  value  of  gas  temperature  is  the 

main  factor  which  governs  the  ignition.  ..  .  ,  . 

The  time  of  explosion  induction  is  about  70  ps  under  considered  conditions  (stage 
3).  A  slow  accumulation  of  radicals  and  slow  increase  in  temperature  give  way  to  their 

ThefoSth  stage  (100  ps  and  later)  is  characterized  by  a  slow  recombination  of  radicals 
at  high  gas  temperature;  the  system  reaches  an  equilibrium  for  milliseconds. 

The  effect  of  the  channel  radius  on  the  delay  time  of  ignition  was  investigated.  The 
results  of  the  1.5D  simulation  depend  on  the  radius  of  the  streamer  which  affects  the 
electric  field  at  the  streamer  head  and  the  density  of  electrons  and  excited  particles  m  the 

Figure  10.5  represents  the  results  of  active  particle  production  calculation  m  depen¬ 
dence  with  the  channel  radius.  It  is  clearly  seen  that  rc  variation  leeds  to  the  significant 

active  particle  concentration  change.  f  _ 

Figure  10.5  shows  the  induction  time  vs  channel  radius  rc.  In  the  rang  c 
0.01-0.03  cm  the  induction  time  depends  on  rc  slightly.  At  higher  and  lower  values  of 

rc  the  effect  becomes  more  pronounced.  ,  . 

Reduced  electric  field  value  increase  and  ionic  mixture  composition  change  during  the 
gas  temperature  rise  lead  to  the  increase  of  active  and  excited  particles  production  10.5. 
Together  with  the  total  chemical  reaction  rate  increase  this  leads  to  the  dramatic  igni  ion 

induction  time  reduction.  ,  . .  r 

Figure  10.5  shows  the  effect  of  initial  gas  temperature  on  the  delay  tune  gm 
Calculated  induction  time  an  a  function  of  T  for  the  thermal  ignition  and  the  ignition 
which  was  initiated  by  the  streamer  discharge  at  voltage  of  80  kV,  the  discharge  length 
of  14  cm  and  r-  =  0.03  cm  were  presented.  The  difference  between  the  thermal  igni  ion 
time  and  the  time  of  the  ignition  by  streamer  is  an  order  of  magnitude  at  T  =  1200  K 
and  exceeds  3  orders  of  magnitude  at  T  =  800  K. 
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Figure  10.19:  Ignition  induction  time  us  streamer  channel  radius  r, 

N2:02:H20:CH4=71:18:2:9  mixture.  P  =  10  atm.  U  =  100  kV,  T0  -  800  K 
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Figure  10.20:  Dependence  of  calculated  active  particle  production  in  the  streamer  chan¬ 
nel  vs  initial  mixture  temperature.  Mixture  N2:02:H20:CH4=71:18:2:9.  p  =  10  atm. 
U  =  80  kV,  Rchannei  =  0.3  mm.  Numbers  on  the  graph  represents,  correspondingly:  O, 
OH,  e,  0(1D2),  02(a1A?),  02(&1S+),  N2(A3£+),  N2(53nff),  N2(a'1S-),  N2(C73nu),  02+, 
O t,  H20+,  H30+,  0J(H20),  H30+(H20),  H30+(H20)2,  H30+(H20)3,  0-,  O2 ,  OH-, 
07(H20),  O2  (H20)2,  OH-(H20),  0H-(H20)2,  ch i,  ch3,  ch2,  ch,  h2,  H,  N t 
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Figure  10.21:  Ignition  induction  time  vs  initial  temperature  of  the  gas. 

N2:02:H20:CH4=71:18:2:9  mixture.  P  =  10  atm.  U  =  100  kV,  rc  =  0.03  cm 
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Chapter  11 


Experimental  Equipment  for 
Investigation  of  Ignition  Threshold 
under  Simultaneous  Action  of  FIW 
and  a  Shock  Wave. 


The  installation  to  investigate  superfast  homogeneous  ignition  of  supersonic  flows  (Fig.11.1) 
consists  of  the  discharge  cell  connected  to  a  shock  tube,  the  gas  evacuation  and  supply 
system,  the  system  of  various  gas  discharge  initiation,  the  instrumentation  system. 

The  shock  tube  is  made  of  the  stainless  steel  has  a  square  cross  section  of  25x25  mm 
with  the  1.6  m  working  channel  length,  high  pressure  cell  length  of  60  cm.  The  work¬ 
ing  channel  is  calibrated  along  the  inner  cross  section,  which  provides  a  low  level  of  gas 
dynamic  perturbations  in  the  flow.  To  evacuate  the  system  roughing-down  and  diffusive 
pumps  that  provide  evacuation  of  the  shock  tube  working  channel  and  its  mating  dielectric 
discharge  section  of  the  30  cm  length  up  to  10-4  Torr  pressure  are  used.  The  installation 
parameters  make  it  possible  to  obtain  the  uniformly  heated  gas  volume  behind  the  re¬ 
flected  shock  wave,  which  is  motionless  relative  to  the  shock  tube  walls,  in  pressure  range 
of  P  =  0.1  -MO  atm,  temperature  range  of  T  =  300  -r  5000  K. 

The  GIN-9  pulsed  voltage  generator  assembled  by  the  Marks  diagram  consists  of  10 
stages.  To  provide  the  spark  gap  operation  the  pulsed  voltage  generator  column  is  filled 
with  a  nitrogen  at  pressure  from  0.5  to  3  atm,  which  provides  a  starting  voltage  range 
from  80  to  250  kV.  To  sharpen  the  voltage  impulse  that  incomes  from  the  generator 
to  the  discharge  gap  a  forming  ferrite  line  of  wave  resistance  Z  =  40  was  used.  At  the 
forming  line  output  the  rate  of  voltage  rise  in  the  impulse  leading  edge  is  200  kV/ns,  which 
provides  formation  of  gas  breakdown  in  the  form  of  the  fast  ionization  wave.  Velocity  of 
the  ionization  wave  front  propagation  is  109  -5-2  •  1010  cm/s  in  dependence  on  parameters. 
The  pulsed  discharge  power  at  voltage  U  —  250  kV  is  1.5  GW .  The  total  energy  deposition 
in  the  discharge  depends  on  its  duration  which  may  be  controlled  in  range  10  ns  -  1  [as 
and  makes  up  5  —  200  J. 

Breakdown  in  the  form  of  FIW  is  initiated  in  a  quartz  cell  of  30  cm  length  with  optica  1 
windows  for  radiation  output:  quartz  KRS  0.4  —  25 ftm),  CaF2  (  0.12  —  10/zm)  and  LiF 
(0.11  -  7/zra). 

In  the  problem  under  consideration  the  shock  wave  serves  to  prepare  the  gas  mixture 
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at  the  specified  temperature  (in  range  T  =  300 -r  5000  K)  and  pressure  (P  —  0.1-i-10  atm). 
Because  the  gas  dynamic  times  (1  —  100/js)  are  significantly  more  than  the  characteristic 
time  of  gas  excitation  by  the  pulsed  breakdown  (1  —  100  ns)  the  gas  in  the  shock  wave 
may  be  regarded  as  motionless  from  the  view  point  of  the  discharge  development.  A  great 
difference  of  the  characteristic  gas  dynamic  times  and  the  time  of  discharge  development 
makes  it  possible  to  consider  that  FIW  propagates  in  gas  with  the  parameters  distribution 
(P,  T,  p)  corresponding  to  their  instantaneous  values  behind  the  shock  wave.  To  exclude 
the  gas  parameter  change  in  the  observation  zone  during  shock  wave  interaction  with  the 
non-equilibrium  plasma  of  the  discharge  all  experiments  will  be  conducted  in  a  mode  of 
sequential  actions  on  the  gas  by  a  shock  wave  and  then  FIW.  Under  these  conditions 
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problems  of  active  particles  formation  in  the  discharge  and  ignition/combustion  may  be 
separated  in  time  from  the  view  point  of  both  numerical  modeling  and  experiment. 

The  system  of  monitoring  of  fast  nanosecond  breakdown  electrodynamic  parameters 
includes  low-inductive  calibrated  current  shunt  to  control  current  impulse  parameters  and 
energy  deposition  in  the  discharge,  the  system  of  electric  variable-capacitance  transduc¬ 
ers  and  current  gauges  of  various  designs  to  determine  the  breakdown  wave  velocity  and 
monitoring  of  the  high-voltage  impulse  amplitude  and  shape  changes  during  propagation 
in  the  discharge  gap.  An  example  of  the  calibration  of  gauges  is  represented  in  Fig.  11.2. 
The  system  of  shock  wave  parameters  monitoring  includes  the  system  of  incident  and 
reflected  shock  wave  velocity  measurements  by  the  schlieren  method,  the  system  of  the 
initial  pressure  control  and  the  system  of  piezoelectric  transducers  to  record  the  pres¬ 
sure  variation  in  the  shock  wave.  The  nanosecond  time-resolved  emission  spectroscopy 
technique  is  adjusted  in  the  wavelength  region  180-600  nm. 
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Chapter  12 
Summary 


•  Thus,  to  understand  the  basic  features  of  the  development  and  propagation  of 
nanosecond  discharge  we  performed  a  series  of  experiments  to  study  the  behav¬ 
ior  of  an  electric  field  and  an  excitation  of  electronic  degrees  of  freedom  in  air  and 
molecular  nitrogen  under  the  action  of  pulsed  periodic  discharge.  Experiments  have 
been  performed  at  11-15  kV  voltage  pulse  amplitude,  25  ns  pulse  duration,  2  ns  rise 
time  with  a  repetitive  frequency  40  Hz. 

The  present  experiments  have  proved  that: 

1.  The  peak  value  of  the  electric  field  in  the  ionization  wave  front  increases  with 
the  growth  of  pressure,  whereas  the  reduced  electric  field  drops  by  an  order 
of  magnitude  from  the  ~5  kV/  (cm-Torr)  at  1  Tor  to  the  ~500  V/(cm-Torr) 
at  16  Torr.  At  all  the  pressures,  the  electric  field  peak  halfwidth  is  not  more 
than  a  few  nanoseconds,  after  that  during  all  the  time  of  the  voltage  pulse 
(~  20  ns)  electric  fields  smoothly  drop  from  value  optimal  for  the  gas  excitation 
(~  100  —  500  Td)  to  zero.  Maximum  values  of  the  reduced  electric  field  in  the 
FIW  front  may  significantly  exceed  the  electronic  runaway  threshold. 

2.  There  is  a  strong  relationship  between  electric  field  behavior  and  the  electronic 
levels  excitation  rate.  It  is  shown  that  the  generation  of  the  required  elec¬ 
tron  concentration  as  well  as  electron  level  population  take  place  behind  the 
FIW  front  in  residual  fields  and  sections  corresponding  to  the  “electric”  and 
“luminous”  FIW  fronts  are  essentially  separated  in  the  space. 

3.  In  a  region  of  relatively  low  electric  fields  behind  the  ionization  wave  front  the 
average  energy,  drift  velocity  of  electrons  and  low-level  electron  state  excitation 
rate  constants  can  be  calculated  with  a  good  accuracy  using  the  two-term  ap¬ 
proximation  of  Boltzmann  stationary  equation.  Meanwhile,  the  non-stationary 
degrading  spectrum  formed  by  runaway  electrons  in  the  FIW  front  essentially 
affects  the  EEDF  formation  at  high  energies.  Therewith,  the  gas  ionization 
rate  and  high  level  population  essentially  increase.  The  proposed  modeling 
EEDF  (2.8)  illustrates  the  stated  effect  and  makes  it  possible  to  qualitatively 
describe  the  prime  regularities  of  the  discharge  development  in  the  form  of 
FIW  in  the  whole  range  of  parameters  under  studies. 

•  Results  obtained  in  nitrogen  and  air  were  applied  to  describe  molecular  hydrogen 
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ignition  in  the  nanosecond  high-voltage  discharge  as  a  fist  step  to  understand  the 
basic  features  of  ignition  of  combustible  mixtures  by  this  type  of  breakdown. 

The  key  question  for  the  investigation  of  ignition  in  the  nonequilibrium  conditions 
is  the  correlation  between  different  processes  on  the  stage  of  initiation.  The  relative 
importance  of  electronic  (vibrational)  levels  excitation,  dissociation  and  ionization 
of  molecules  is  under  consideration  nowadays. 

1.  The  process  of  oxidation  of  molecular  hydrogen  in  the  mixture  H2-O2-N2  = 
0.296  :  0.148  :  0.556  under  the  action  of  pulsed  nanosecond  discharge  has  been 
investigated  experimentally.  The  kinetic  scheme  has  been  developed  for  the 
numerical  modelling  of  the  destruction  of  molecular  hydrogen  in  the  discharge. 
On  a  base  of  a  comparison  of  experimental  data  and  results  of  calculations  the 
analysis  of  plasmachemical  kinetics  processes  in  the  system  has  been  performed. 

2.  Four  stages  in  time  were  found  from  the  point  of  view  of  chemical  kinetics; 
the  main  processes  were  determined  for  each  stage.  It  was  proved  that  up 
to  100  ns  the  main  role  belong  to  the  processes  with  electronically  excited 
particles,  in  the  microsecond  time  scale  -  to  the  molecular  -  ion  reactions,  in 
the  time  interval  100  ns  -  25  ms  -  to  the  reaction  with  radicals. 

•  Previously  we  demonstrated  by  numerical  calculations  the  fundamental  possibility  of 
the  FIW  application  for  homogeneous  ignition  of  chemically  active  mixtures.  There 
was  reviewed  the  problem  of  ignition  of  the  preliminary  heated  mixture  H2  -  O2 
when  the  initial  active  particle  concentration  is  created  by  the  nanosecond  pulsed 
discharge.  One  of  the  objectives  of  this  stage  of  research  was  a  numerical  evaluation 
of  efficiency  of  the  FIW  application  to  initiate  the  H2  -  air  and  CH4  -  air  mixture 
combustion. 

1.  On  the  basis  of  numerical  modelling  a  comparative  analysis  of  the  shift  of 
ignition  threshold  in  H2-air  and  CILi-air  mixtures  was  performed. 

2.  It  was  found  that  inasmuch  as  dissociation  degree  of  CH4  in  discharge  substan¬ 
tially  smaller  then  it  is  for  hydrogen,  an  ignition  of  an  air-methane  mixture 
is  much  more  difficult.  The  difference  between  thermal  excitation  and  non¬ 
equilibrium  initiation  of  process  in  methane  is  not  so  strong  as  in  hydrogen- 
containing  mixtures. 

3.  Absolute  value  of  ignition  threshold  shift  remains  significant  both  for  hydrogen 
-  air  and  for  methane  -  air  mixture.  For  example,  for  the  temperature  1000  K 
and  pressure  1  atm  ignition  threshold  value  changes  from  10-1  to  10-5  s  for 
the  mixture  29,6%  Kk+air  and  from  3  •  10_1  to  10-2  s  for  the  mixture  9,5% 
CH4+air. 

•  The  experimental  equipment  and  a  diagnostic  system  for  investigation  of  ignition 
threshold  under  simultaneous  action  of  nanosecond  discharge  and  a  shock  wave  are 
adjusted  and  prepared  to  the  next  stage  of  the  Project. 

•  Experimental  investigation  of  the  decomposition  of  N20  nitrogen  oxide  in  nanosec¬ 
ond  pulsed  discharge: 
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1.  Relative  concentration  profiles  of  electronically  excited  molecules  N2,  NO  and 
N2  during  N20  decomposition  in  the  discharge  have  been  measured; 

2.  Experimental  data  of  the  rate  of  N20  decomposition  at  different  pressures  have 
been  obtained. 

•  Theoretical  analysis  of  the  elementary  exchange  reaction  AB+C— fA+BC  with  the 
random  distribution  of  AB  reagents  over  vibration  energy. 

1.  The  analytical  expressions  for  microconstants  of  processes  that  correspond  to 
certain  vibration  states  of  reagents  AB(u)  and  products  BC(iw)  with  the  use 
of  vibronic  terms  model  have  been  derived; 

2.  It  has  been  proved  that  the  values  of  microconstants  are  completely  determined 
by  the  value  and  temperature  dependence  of  the  experimentally  measurable 
rate  constant  of  reaction  AB+C— >-A+BC  in  thermally  equilibrium  conditions 
and  value  of  energy  release  in  reaction  A H. 

3.  Comparison  of  calculations  using  the  proposed  model  with  calculations  using 
other  models  and  experimental  data  has  been  performed;  the  possibility  to  use 
the  model  for  a  qualitative  analysis  of  vibration  excitation  effect  on  kinetics 
at  various  conditions  of  excitation  -  from  strong  shock  waves  at  Ttr  Tvib  to 
highly  non-equilibrium  gas  discharge  at  Ttr  <C  Tvib  -  has  been  proved. 

•  Numerical  investigation  of  the  role  of  vibrationally-excited  molecules  during  the 
oxidation  of  molecular  hydrogen  in  H2-02-N2  stoichiometric  mixture  in  nanosecond 
pulsed  discharge: 

1.  The  numerical  model  of  gas  excitation  behind  the  FIW  front  in  the  high-current 
stage  taking  into  account  vibrational  levels  excitation  has  been  developed; 

2.  The  numerical  model  of  chemical  kinetics  in  the  complex  system  taking  into 
account  master  equations  for  vibrational  levels  excitation/relaxation  in  the 
discharge  afterglow  and  chemical  reactions  between  excited  reagents  has  been 
developed; 

3.  The  analysis  of  the  role  of  reactions  with  participation  of  vibrationally  excited 
particles  has  been  performed. 

•  Numerical  simulations  of  the  properties  of  a  positive  streamer  in  CH4-air  mixtures 
in  a  nonuniform  electric  field  in  1.5D-formulation. 

1.  The  production  of  active  particles  including  atoms,  radicals  and  electronically 
excited  molecules  by  a  long  positive  streamer  versus  gas  composition,  pressure, 
and  temperature  have  been  calculated.  The  results  have  been  used  to  esti¬ 
mate  the  efficiency  of  the  streamer-corona  ignition  of  the  combustion  in  the 
considered  gaseous  mixtures; 

2.  The  possibility  of  the  ignition  at  high  pressures  of  CH4  :  Air  mixtures  by  a 
streamer  discharge  has  been  demonstrated.  The  ignition  threshold  versus  the 
main  parameters  of  the  system  has  been  determined. 
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•  The  numerical  code  for  the  modelling  of  discharge  development  in  the  form  of  the 
fast  ionization  wave  in  nitrogen  was  elaborated.  The  code  is  based  on  the  solution 
of  a  non-stationary  Boltzmann  equation  by  Monte-Carlo  Particle-In-Cell  method 
in  axial  geometry,  which  corresponds  to  the  majority  of  experiments  with  the  fast 
ionization  wave. 

1.  The  governing  role  of  the  non-local  effects  in  the  propagation  of  pulsed  dis¬ 
charges  at  high  overvoltage  and  applicability  of  numerical  results  together  with 
experimental  data  on  population  rates  for  high-energy  emitting  electron  states 
for  calculation  of  the  energy  branching  in  such  a  discharges  have  been  demon¬ 
strated; 

2.  It  has  been  proved  that  the  electron  energy  distribution  function  is  governed 
by  high-energy  electrons  in  the  vicinity  of  the  nanosecond  breakdown  front. 

3.  It  has  been  obtained  that  the  low-energy  part  of  the  EEDF  in  relatively  low 
fields  is  close  to  the  solution  of  stationary  two-term  approximation  of  Boltz¬ 
mann  equation  at  the  appropriate  electric  field. 

4.  The  rates  of  electron-impact  processes  near  the  fast  ionization  wave  front, 
where  the  relaxation  of  the  high-energy  part  of  the  EEDF  leads  to  the  signifi¬ 
cant  differences  in  constant  rate  values  in  comparison  with  an  equilibrium  case 
have  been  calculated. 
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2.1  Schematic  diagram  of  the  apparatus.  1  -  nanosecond  pulsed  generator;  2  - 
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